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ABSTRACT 


Results  of  a preliminary  simulation  of  an  Advanced  Hingeless 
Rotor  XV-15  Aircraft  are  presented.  A simulation  mathematical 
model  was  used  to  study  the  control  and  handling  qualities  of 
the  NASA/Army  XV-15  Tilt  Rotor  Aircraft  with  Boeing  Hingeless 
rotors.  The  mathematical  simulation  model  is  described 
the  results  obtained  using  the  model  are  presented.  A piloted 
evaluation  was  conducted  and  the  pilot’s  comments  on  the  air 
craft  handling  qualities  are  detailed. 
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SUMMARY 

A simulation  model  developed  in  order  to  stu^^the^per for- 

S?c?a?“equlp?er^?f Lelng  26-foot  diameter  hingeless 
rotor  axrcratt  equ  pp  25-foot  diameter  gxmballed 

loto^s.“uIing  the  model,  a piloted  , 

to  determine  the  handling  qualrties  of  the  aircraft  in  no  e 

transition  and  airplane  flight. 

The  ™~tical  model  Of  the  h^  ^“^^^iS^^of ‘”^10^=’ 

-Je^^enl^d  - -c-nt^fr^a  moving  is^^f 

and  rotor  ®®^°‘^y^®^J^4ngine  performance  and  dynamic  response, 
SrfmSdeJ  f?  ?L  fligh?  conLol  and  thrust  management  system. 

The  aerodynamics  of  the  airframe  i.evings  tails  fu^ 

is  based  on  data  furnished  ty  NASA.  The  foroes^^^^^^^  explicitly 

flfnra^tef^of  Sgiftf^n^dfri^SI  from  an  analysis  of  full-scale 
and  model-scale  wind  tunnel  test  data. 

The  mathematical  model  of  the  ^^rframe  was  validated  by 

ing  the  airframe  forces  = rcurfenrgfmblu  rotor 

scLdulef  ^d  pSingf  f . f ®^t^J^„“tcraf  t con^  • ^ . I" 

particular,  the  feasibility  of  scheduling ^rotor^^y 

est2ufhed!°%hrini?i?r?esults  show^^^ 

^olTlS°?ord^riSftafronfo?^^^^^^^^  ta^nge. 

The  results  of  the  pUoted  ton^indicate Jhat  the  aircraft 

has  good  overall  flying  cvclic-on-the-stick  installed, 

inf  iffenfed''?!  f atuf ! pilots  opinion  of  this  feature  during 
subsequent  studies . 

fwif™errotffaifai;ffh:fftfon^^^^ 

failure  studies  be  conducted. 
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13-4 

F-31 


Engine  Performance  Data 


F-32 


Solutions  to  Induced  Velocity  Quartic 
Rotor  on  Horizontal  Tail  Interference 
Values  of  Kjj 
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Values  of  Kg 

Tail  Efficiency  Factor  - njjm 
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LIST  OF  SYMBOLS 


Symbol 

Definition 

Units 

A 

Rotor  dise  area  (per  rotor) 

ft2 

AR 

Aspeet  ratio,  b^/S 

ND 

Me 

Lateral  oyelie  angle  in  rotor  wind 
axes 

deg 

Me 

Lateral  eyelio  angle  in  swashplate 
axes 

deg 

A" 

le 

Lateral  oyelie  angle  in  swashplate 
axes  resolved  through  swashplate 
phase  angle 

deg 

a 

Speed  of  sound  or  aeeeleration 

ft/see  or 
f t/sec^ 

a 

Aeeeleration 

ft/see^ 

(ag/a) 

Ratio  of  lift-eurve  slope  in  ground 
effeet  to  lift-eurve  slope  out  of 
ground  effeet 

ND 

Coeffieients  in  wing  lift  suid  drag 
equations 

— 

Bg 

Pereent  brake  pedal  defleetion 

ND 

B.L. 

Aireraft  butt  line 

in . 

Ble 

Longitudinal  eyelie  angle  in  rotor 
wind  axes 

deg 

He 

Longitudinal  oyelie  atngle  in  swash- 
plate axes 

deg 

He 

Longitudinal  oyelie  angle  in  swash- 
plate axes  resolved  through  swash- 
plate phase  angle 

deg 

b 

Span  of  lifting  surfaoe  (wing,  tail, 
eto) 

ft 

e 

Chord 

ft 

Cd 

Drag  eoeffioient, 

qS 

ND 

xxxix 
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Symbol 

^Do 

ACd 

^DS 

Cl 

CLo 

ACl 

CLs 

CLq 

CL6 

Cm 

CMo 

^Cm 

CMs 

Cm5 

Cn 

Cm 


Definition 

Drag  coefficient  at  zero  lift 

Drag  coefficient  increment 

Drag  coefficient  referred  to  rotor 
slipstream  dynamic  pressure/  D/qgS 

Lift  coefficient,  L/qS 

Average  lift  coefficient 

Lift  coefficient  increment 

Lift  coefficient  referred  to  rotor 
slipstream  dynamic  pressure,  L/qgS 

Lift-curve  slope 

Lift  increment  due  to  flap  deflection 

Rolling  moment  coefficient , :;i/q  bS 

^^lling  moment  coefficient  referred 
to  rotor  slipstream  dynamic  pressure, 
3-/qgbS 


Units 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

1/rad 

1/deg 

ND 

ND 


Pitching  moment  coefficient,  M/qSc  ND 

Wing  pitching  moment  coefficient  as  a ND 
function  of  flap  deflection;  pitching 
moment  coefficient  of  fuselage  or 
nacelles  at  zero  angle  of  attack 

Pitching  moment  coefficient  increment  ND 

^^tching  moment  coefficient  referred 
to  rotor  slipstream  dynamic  pressure, 
M/qgSc 


Change  in  wing/body  pitching  moment  ND 
^®®^ficient  as  a function  of  flaperon 
deflection 


Yawing  moment  coefficient,  N/qSb  ND 

Yawing  moment  coefficient  of  fuselage  ND 
or  nacelles  at  zero  angle  of  attack 


xL 
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Symbol  Definition  Units 

CNs  Yawing  moment  coefficient  referred  to  ND 

rotor  slipstream  dynamic  pressure, 

N/qgSb 

Cnf  Rotor  normal  force  coefficient,  ND 

NF/pT7fi2R4 

^NFq  Rotor  normal  force  coefficient  with  ND 

zero  cyclic  pitch  • 

Cp  Rotor  power  coefficient,  550RHP  ND 

OTrn^R- 

Cpq  Rotor  power  coefficient  with  zero  ND 

cyclic  pitch 

CpN  Rotor  hub  pitching  moment  coefficient,  ND 

PM/p  ttSI^rS 

Cpf^  Rotor  hub  pitching  moment  coefficient  ND 

° with  zero  cyclic  pitch 

CsF  Rotor  side  force  coefficient,  ND 

SF/p^n^R^* 

^SFq  Rotor  side  force  coefficient  with  zero  ND 

cyclic  pitch 

Cij>  Rotor  thrust  coefficient,  T/pTrA^R**  ND 

CTo  Rotor  thrust  coefficient  with  zero  ND 

cyclic  pitch 

C«rg  Rotor  thrust  coefficient  referred  to  ND 

rotor  slipstream  dynamic  pressure, 

T/qgA 

Cy  Side  force  coefficient,  Y/qS  ND 

Cyj^  Rotor  yawing  moment  coefficient,  ND 

p irn^R^ 

^YMq  Rotor  yawing  moment  coefficient  with  ND 

zero  cyclic  pitch 

Lift-curve  slope  of  vertical  tail  1/rad 

Cq  Coefficient  of  equation  that  defines  ND 

pitching  moment  coefficient  as  a 
fmction  of  flap  deflection 


xLi 
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Symbol 

Cl 


D 

(D/T) 

DnFi^5 


DpM 


1^6 


^SFi^5 


Definition 

equation  that  defines 
pitching  moment  coefficient  as  a 
function  of  flap  deflection 

equation  that  defines 
pitching  moment  coefficient  as  a 
function  of  flap  deflection 

Rotor  diameter 

Aircraft  download-to-thrus t ratio 
Coefficients  in  the  equation  for  tho 
wirn  lateral  cyclic  angle 

the  equation  fon  -f-Ho 
Coefficients  in  the  equation  for  i-h^ 

2ss.“ sj, 


Units 

1/rad 

l/rad2 

ft 

ND 

1/ deg 
1/ deg 
1/deg 


^ST 

•^n 

Damping  coefficients  of  the  landing 
gear  oleo  struts  landing 

It)/ ft/sec 

°™l»6 

Coefficients  in  the  equation  for  the 
change  m hub  yawing  moment  colffi- 
cxent  with  lateral  cyclic  1,9?^ 

1/deg 

dCigp/dAic 

1/deg 

dCjip/dBij, 

1/deg 

dCpM/dAic 

coeffi- 

cient  with  lateral  cyclic  angle 

1/deg 

<3CpM/dBic 

Pi*^=*'ing  moment  coeffi- 
C ent  with  longitudinal  cyclic  angle 

1/deg 

‘^CpM/ dQ 

Se“rwi?hMtlh"?aie" 

1/rad/sec 

dCsp/dAic 

?aS?a/^:L":  fng“  =-«icient  with 

1/ deg 

xLii 
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Symbol 


Definition 


dCsp/dBic  Change  in  side  force  coefficient  with 
longitudinal  cyclic  angle 


^Cyw/dAic  Change  in  hub  yawing  moment  coeffi- 
cient with  lateral  cyclic  angle 


dCyfi/dBic  Change  in  hub  yawing  moment  coeffi- 
cient with  longitudinal  cyclic  angle 

Change  in  hub  yawing  moment  coeffi- 
cient with  yaw  rate 


dCfj/  dC^ 


Change  in  wing  pitching  moment  with 
lift  coefficient 


da/dS  Change  in  fuselage  sidewash  angle 

with  sideslip  angle 

Product  of  modulus  of  elasticity  and 
moment  of  inertia 


El, 


Enf 


1^5 


EPM 


1^6 


Esf 


l->5 


Eym 


1-^6 


Product  of  modulus  of  elasticity  and 
moment  of  inertia  at  wing  root 

Coefficients  in  the  equation  for  the 
change  in  normal  force  coefficient 
with  longitudinal  cyclic  angle 

Coefficients  in  the  equation  for  the 
change  in  hub  pitching  moment  coeffi- 
cient with  longitudinal  cyclic  angle 

Coefficients  in  the  equation  for  the 
change  in  side  force  coefficient  with 
longitudinal  cyclic  angle 

Coefficients  in  the  equation  for  the 
change  in  hub  yawing  moment  coeffi- 
cient  with  longitudinal  cyclic  angle 


Ej£t»  Eyj 


Oswald  efficiency  of  horizontal  or 
vertical  tail 


F 

FPR 

FRl 

F^ 


Generalized  force  or  force  on  nacelle 
Esteral— directional  SAS  function 
Lateral-directional  SAS  function 
Lateral-directional  SAS  function 


Units 

1/deg 

1/deg 

1/deg 

1/rad/sec 

ND 

ND 

Ib-in^ 

Ib-in^ 

1/deg 

1/deg 

1/deg 

1/deg 

ND 

lb 
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Symbol 

Definition 

Units 

F(j)l 

Lateral-directional  SAS  function 

— 

F(^2 

Lateral-directional  SAS  fxinction 

— 

F’4;1 

Lateral— directional  SAS  function 

— 

F*2 

Lateral-directional  SAS  function 

— 

Fa 

Aerodynamic  force  on  nacelle 

lb 

Fgzn 

Landing  gear  oleo  strut  vertical  force  lb 

Fsn 

Landing  gear  oleo  strut  lateral  force 

lb 

Fx 

Longitudinal  generalized  force 

lb 

Lateral  generalized  force 

lb 

Fz 

Vertical  generalized  force 

lb 

Landing  gear  oleo  strut  longitudinal 
force 

lb 

%F 

Multiplier  on  rotor  normal  force 

ND 

Multiplier  on  rotor  power 

ND 

fpM 

Multiplier  on  rotor  hub  pitching 
moment 

ND 

fQ 

Multiplier  on  rotor  torque 

ND 

^SF 

Multiplier  on  rotor  side  force 

ND 

Multiplier  on  rotor  thrust 

ND 

fYM 

Multiplier  on  rotor  hub  yawing  moment 

ND 

G 

Generalized  moment 

ft-lb 

GEF 

Ground  effect  factor 

ND 

Ggi 

Governor  gain 

deg/sec/rad/ 

sec 

Gg2 

Governor  gain 

deg/ sec/rad/ 
sec 

Gg3 

Governor  gain 

deg/sec/deg 

xLiv 
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Symbol 

Definition 

Units 

Gp 

Lateral  directional  SAS  gain 

in/rad/sec 

Gprl 

Lateral  directional  SAS  gain 

in/rad/sec 

GP63 

Lateral  directional  SAS  gain 

in/in 

Longitudinal  SAS  gain 

deg/rad/sec 

Lateral  directional  SAS  gain 

in/rad/sec 

Gr2 

Lateral  directional  SAS  gain 

in/rad/sec 

6 r 

Lateral  directional  SAS  gain 

in/rad/sec 

Lateral  directional  SAS  gain 

in/ rad 

^er 

Lateral  directional  SAS  gain 

in/rad 

^S5r 

Lateral  directional  SAS  gain 

in/in 

^6B1 

Longitudinal  SAS  gain 

deg/in 

®6B2 

Longitudinal  SAS  gain 

deg/in 

^5TH 

Governor  throttle  gain 

deg/in 

Gq 

Longitudinal  SAS  gain 

deg/rad/sec 

S 

Lateral  directional  SAS  gain 

in/rad/sec 

Lateral  directional  SAS  gain 

in/in 

G,|,6  r 

Lateral  directional  SAS  gain 

in/in 

g 

Gravitational  constant 

f t/sec^ 

H 

Height 

ft 

HP 

Horsepower 

— 

' FUEL 

Horizontal  distance  between  wing 
mass  element  center  of  gravity  and 
fuel  center  of  gravity 

ft 

H' 

w'NF 

Horizontal  distance  between  wing 
mass  element  center  of  gravity  and 
fixed  nacelle  center  of  gravity 

ft 

Hw*w 

Horizontal  distance  between  wing 
mass  element  center  of  gravity  suid 
fixed  nacelle  center  of  gravity 

ft 

xLv 
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Symbol 

h 


hp 


hip 

hw 

h/D 


XX 


•XX, 


I (F) 
XX 


De finition 
or  angular  momentum 


Angular  momentum  of  nacelle  about 
aircraft  center  of  gravity 

Distance  from  wing  pivot  plane  to 
fuselage  mass  element  center  of 
gravity 


Units 

ft  or  Ib-ft- 
sec 

Ib-f t“Sec 
ft 


Height  of  pivot  above  wing  chord  line  ft 
or  angular  momentum  of  nacelle  about 
the  pivot 


Landing  gear  oleo  strut  deflection 
during  ground  contact 


Distance  from  wing  pivot  plane  to 
wing  mass  element  center  of  gravity 

Angular  momentum  of  an  element  of 
mass  about  its  own  center  of  gravity 

Wing  vertical  bending  deflection 


Rotor  hub  height  to  rotor  diameter 
ratio 


Distance  from  aircraft  center  of 
gravity  to  bottom  of  right  main  gear 
following  a positive  pitch  rotation 


Distance  from  aircraft  center  of 
gravxty  to  bottom  of  right  main  gear 
following  a positive  roll 


ft 

Ib-ft-sec 

ft 

ND 

ft 

ft 


Mass  moment  of  inertia 

Vehicle  mass  roll  moment  of  inertia 
about  center  of  gravity 

Mass  roll  moment  of  inertia  of  air- 
craft components  about  their  own 
center  of  gravity 

Mass  roll  moment  of  inertia  of  fuse- 
lage mass  element  edsout  its  center 
of  gravity 


slug-ft2 

slug-ft^ 

slug-ft^ 


slug-ft2 
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Symbol 

I 

■XX 


"xx 


TY 


'YYo 


I (F) 

yy 


(W) 

Lyy 


^yy 


■xz 


■xz. 


-(F) 

xz 


. (W) 
■xz 


^xz 


■zz 


Definition 


Mass  roll  moment  of  inertia  of  wing 
mass  element  about  its  center  of 
gravity 

Mass  roll  moment  of  inertia  of  the 
tilting  portion  of  each  nacelle  about 
its  center  of  gravity 

Vehicle  mass  pitch  moment  of  inertia 
about  center  of  gravity 

Mass  pitch  moment  of  inertia  of  air- 
craft components  about  their  centers 
of  gravity 

Mass  pitch  moment  of  inertia  of  fuse- 
lage mass  element  about  its  center  of 
gravity 

Mass  pitch  moment  of  inertia  of  wing 
mass  element  about  its  center  of 
gravity 

Mass  pitch  moment  of  inertia  of  the 
tilting  portion  of  each  nacelle  about 
its  center  of  gravity 

Vehicle  mass  product  of  inertia  about 
center  of  gravity 

Mass  product  of  inertia  of  aircraft 
components  about  their  own  centers  of 
gravity 

Mass  product  of  inertia  of  fuselage 
mass  element  about  its  center  of 
gravity 

Mass  product  of  inertia  of  wing  mass 
element  cdaout  its  center  of  gravity 

Mass  product  of  inertia  of  the  tilting 
portion  of  each  nacelle  about  its 
center  of  gravity 

Vehicle  mass  yaw  moment  of  inertia 
about  center  of  gravity 


^zzq  Mass  yaw  moment  of  inertia  of  aircraft 

components  about  their  own  centers  of 
gravi ty 


Units 

slug-ft2 

slug-ft^ 

slug-ft2 

slug-ft^ 

slug-f t^ 

slug-ft^ 

slug-f t^ 

slug-f t^ 
slug-f t^ 

slug-f t^ 

slug-f t^ 
slug-ft2 

slug-f t^ 
slug-f t’ 
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Symbol 

(F) 

Definition 

Units 

^Z2 

Mass  yaw  moment  of  inertia  of  fuselage  slug-ft^ 
mass  element  about  its  center  of  ^ 

gravity 

— 

l(W) 

zz 

Mass  yaw  moment  of  inertia  of  wing 
mass  element  about  its  center  of 
gravity 

slug-ft^ 

^Z2 

Mass  yaw  moment  of  inertia  of  the 
tilting  portion  of  each  nacelle  about 
Its  center  of  gravity 

slug-f t^ 

i 

/> 

Incidence  angle 

deg  or  rad 

Unit  vector  in  i direction 

— 

*^xx 

Dummy  inertia,  Izz“^yy 

slug-ft^ 

>1 

Dummy  inertia,  Ixx~Izz 

slug-ft^ 

*^Z2 

A 

Dummy  inertia,  lyy-I^x 

slug-f t^ 

Unit  vector  in  j direction 

Wing  slipstream  correction  factor 

ND 

- 

Kdi 

T 

KP4 

T 

Coefficients  of  curve  fit  equation 
for  wing  download  as  a function  of 
rotor  heigh t/diame ter  ratio 

ND 

— 

Kmi 

T 

Km  4 
T 

Coefficients  of  curve  fit  equation 
for  wing  pitching  moment  as  a func- 
lon  of  rotor  height/diameter  ratio 

ND 

— 

K„- 

'N- 

Multiplier  on  slipstream  rolling 
moment  coefficient  ^ 

ND 

Miltiplier  on  slipstream  yawing 
moment  coefficient 

ND 

Kst 

n 

Landing  gear  spring  constamts 

Ib/ft 

— 

%l->Kwio 

Coefficients  for  wing  bending 
equations  ^ 

— 

K5 

Multiplier  on  longitudinal  cyclic 
stick  longitudinal 

in/in 
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Symbol 

Definition 

Units 

K6e 

Ratio  between  longitudinal  stick 
motion  and  elevator  deflection 

deg/in 

K6r 

Multiplier  on  longitudinal  cyclic 
pitch  available  from  pedal  displace- 
ment 

in/in 

^*^RUD 

Ratio  between  pedal  and  rudder 
deflection 

deg/in 

^63 

Multiplier  on  longitudinal  cyclic 
pitch  and  differential  collective 
available  from  lateral  stick 

in/in 

K6's 

Lateral  cyclic  pitch/degree  of 
differential  collective  pitch 

de g/deg 

Ke 

Wing  stiffness  in  torsion 

ft-lb/ra 

Ko 

Coefficient  of  fuselage  drag  coeffi- 
cient equation  to  account  for  drag 
due  to  sideslip 

l/rad^ 

Kl 

Coefficient  in  fuselage  drag  coeffi- 
cient equation 

l/rad2 

K2 

Coefficient  in  fuselage  drag  coeffi- 
cient equation 

1/rad 

K3 

Coefficient  in  fuselage  lift  coeffi- 
cient equation 

1/rad 

K4 

Coefficient  in  fuselage  lift  coeffi- 
cient equation 

l/rad2 

K5 

Coefficient  in  fuselage  pitching 
moment  coefficient  equation 

1/rad 

Ke 

Coefficient  in  fuselage  pitching 
moment  coefficient  equation 

l/rad2 

K? 

Coefficient  in  fuselage  side  force 
coefficient  equation 

1/rad 

KS 

Coefficient  in  fuselage  side  force 
coefficient  equation 

1/rad 

Kg 

Coefficient  in  fuselage  yawing  moment 
coefficient  equation 

1/rad 
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Symbol 


K 


10 


Definition 


Coefficient  in  fuselage 
coefficient  equation 


yawing  moment 


Units 

l/rad2 


K20 

«21 

K22 

K30 

K3I 

K32 


Wing/body  interference  effects 
Wing  planform  effects  on  C 

C6 

Wing  planform  and  lift  effects 


''..e 


on  CNg 


Coefficient  in  nacelle  drag  coeffi- 
cient equation 


Coefficient  in  nacelle  drag  coeffi- 
cient equation 


1/rad 

1/rad 

1/rad 

1/rad 

l/rad2 


Coefficient  in  nacelle  lift  coeffi- 
cient equation 


1/rad 


K34 


Coefficient 

coefficient 


in  nacelle  pitching  moment  1/rad 
equation 


K35 

Coefficient  in  nacelle 
coefficient  equation 

pitching  moment  1/rad- 

K36 

Coefficient  in  nacelle 
coefficient  equation 

side  force 

1/rad 

^37 

Coefficient  in  nacelle 
coefficient  equation 

side  force 

l/rad2 

K38 

Coefficient  in  nacelle 
coefficient  equation 

yawing  moment 

1/rad 

K39 

Coefficient  in  nacelle 
coefficient  equation 

yawing  moment 

l/rad2 

K40 

Coefficient  in  nacelle 
coefficient  equation 

yawing  moment 

1/rad 

K41 

Coefficient  in  nacelle 
coefficient  equation 

yawing  moment 

l/rad2 

CM 

^®®fficient  in  fuselage 
cient  equation 

lift  coeffi- 

ND 

'k 

Unit  vector  in  k direction 

• a 

Ls 

Nacelle  shaft  length  from  pivot  to 
spinner 

ft 

L 
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Symbol 


i 


Z ' 


^-AC 


z 


F 


^0 

^PA 


M 

m 


Definition 


Rolling  moment 

Distance  from  nacelle  pivot  to 
nacelle  center  of  gravity 

Horizontal  distance  from  nacelle  pivot 
to  aircraft  component  center  of 
gravity  positive  - positive  forward 
from  pivot 

Horizontal  distance  from  horizontal 
tail  quarter  chord  to  wing  aero- 
dynamic center 

Horizontal  distance  from  pivot  to 
center  of  gravity  of  fuselage  mass 
element 

Wing  root  lift/foot 

Horizontal  distance  from  pivot  to 
center  of  gravity  of  pilots'  station  - 
positive  forward  from  pivot 

Horizontal  distance  from  pivot  to  wing 
mass  element  center  of  gravity 

Pitching  moment 

Pitching  moment,  or  aircraft  mass 


M/T 


mf 

mw 

N 

NF 

Nl 

^1  IND 


Pitching  moment/rotor  thrust 

Mass  of  fuselage  structure 

Mass  of  one  nacelle 

Mass  of  wing 

Yawing  moment 

Rotor  normal  force 

Engine  gas  generator  speed 

Engine  gas  generator  indicator 

Engine  gas  generator  speed  at  sea 
level  standard,  static  conditions 


Units 
ft- lb 
ft 

ft 

ft 

ft 

Ib/ft 

ft 


ft-lb 

ft- lb  or 
slugs 

ft-lb/lb 

slugs 

slugs 

slugs 

ft-lb 

lb 

rev/min 


rev/min 


Symbol 


N 


le  IND 


N 


II 

N* 

'^II 


p 

PC 


pN 

pR 

P 

Q 

®IND 

Qmax 

qN 

qR 

Q* 


R 

RHP 

rN 

rR 

r 

r 


■ Definition 

9enerator  speed 

Engine  power  turbine  speed 

Engine  power  turbine  speed  at  sea 
level  standard  static  condi^ronl 

Body  axes  roll  rate 

Horizontal  distance  from  wino  leaHiT^rr 
edge  to  pivot  location  ^ leading 

Nacelle  axes  roll  rate 

Nacelle  wind  axes  roll  rate 

Body  axes  roll  rate 

Torque  indicator 
Maximum  engine  torque  available 
Nacelle  axes  pitch  rate 
Nacelle  wind  axes  pitch  rate 


Units 

rev/min 

rev/min 

rad/ Sec 
ft 

rad/sec 

rad/sec 

rad/ sec 

rad/sec  or 
lb- ft 

ND 

lb- ft 
rad/sec 
rad/sec 
Ib-ft 


rad/sec  or 
lb/ft2 


Dynsmic  pressure  of  rotor  slipstream  Ib/ft^ 


Body  axes  yaw  rate  or  rotor  resultant- 
force  or  rotor  radius  resultant 

Rotor  horsepower 

Nacelle  axes  yaw  rate 

Nacelle  wind  axes  yaw  rate 

Body  axes  yaw  rate 

Radius  vector 


rad/sec  or 
lb  or  ft 


rad/ sec 
rad/sec 
rad/sec 
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Symbol 

Definition 

Units 

Landing  gear  tire  radius 

ft 

S 

Surface  area 

ft2 

SF 

Rotor  side  force 

lb 

SHP 

Shaft  horsepower 

— 

SHP* 

Engine  shaft  horsepower  at  sea  level 
standard  static  conditions 

— 

T 

Rotor  thrust 

lb 

TEA 

Engine  referred  turbine  inlet 
temperature 

deg 

Ratio  of  the  rotor  thrust  in  ground 
effect  to  the  thrust  out  of  ground 
effect 

— 

Ti-*-T3 

Coefficients  of  curve  fit  equations 
for  rotor/rotor  interference 

ND 

t 

Time 

sec 

u 

Body  axes  longitudinal  component  of 
velocity  at  aircraft  center  of  gravity 
or  rotor  hub,  wing,  horizontal  and 
vertical  tail  velocities  referred  to 
rotor  shaft  and  local  surface  chord 
axes,  respectively 

ft/sec 

u* 

Body  axes  longitudinal  component  of 
velocity  at  rotor  hiib  and  wing  aero- 
dynamic center 

ft/sec 

UpA 

Body  axes  longitudinal  component  of 
velocity  at  pilot's  station 

ft/sec 

V 

Total  velocity 

ft/sec 

Vt 

Rotor  tip  speed 

ft/sec 

V 

Resultant  flow  through  rotor  disc 

ft/sec 

V* 

Non-dimensional  rotor  forward  velocity 

ND 

V 

Total  velocity  vector 

ft/sec 

V 
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Symbol 

Definition 

Units 

V 

Body  axes  lateral  component  of 
velocity  at  aircraft  center  of 
gravity  or  rotor  hub  wing,  horizontal 
and  vertical  tail  velocities  referred 
to  ^otor  shaft  and  local  surface 
chord  axes,  respectively 

ft/sec 

V’ 

Body  axes  lateral  component  of 
velocity  at  rotor  hub  and  wing 
^s^odynamic  center 

ft/sec 

^i 

Rotor  induced  velocity 

\ 

ft/sec 

Body  axes  lateral  component  of  velo- 
city at  pilot's  station 

ft/sec 

V* 

Non-dimensional  rotor  induced  velocity 

ND 

W.L. 

Fuselage  water  line  position 

in. 

W 

Weight  of  aircraft  con^onents 

lb 

WDTIND 

Fuel  flow  indicator 

W 

Body  axes  vertical  component  of  velo- 
aircraft  center  of  gravity 
I’otor,  h^,  wing,  horizontal  and 
vertical  tail  velocities  referred  to 
rotor  shaft  and  local  surface  chord 
axes,  respectively 

ft/sec 

W 

Body  axes  vertical  component  of 
velocity  at  rotor  hub  and  wing  aero- 
dynamic center 

ft/sec 

WPA 

Body  axes  vertical  component  of  velo- 
city at  pilot's  station 

ft/sec 

^subscript 

Longitudinal  distance,  measured 
positive  forward  from  nacelle  pivot 
along  body  axes 

ft 

^^siibscript  Longitudinal  force,  measured  positive 
forward  along  body  axes 


“^aero 


Total  longitudinal  aerodynamic  force 
at  center  of  gravity  measured  positive 
forward  along  body  axes 


lb 
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Symbol 

ysprscript 

subscript 

^North 

^subscript 

^^sxibscript 

y 

aero 

ysprs cript 
subscript 

^East 

Zsxibscript 

^^subscript 
2 aero 

«sprscript 

subscript 

^down 

z 

a 

B 

fuel 


Definition  units 

Longitudinal  force#  measured  positive  lb 
forward  along  body  axes 


Longitudinal  ground  track  velocity  ft/sec 

Lateral  distance#  measured  positive  ft 

along  right  wing  along  body  axes 


Lateral  force#  measured  positive  along  lb 
right  wing  in  body  axes 


Total  lateral  aerodynamic  force  at  lb 

center  of  gravity  measured  positive 
along  right  wing  in  body  axes 

Lateral  force,  measured  positive  lb 

along  right  wing  in  body  axes 

Lateral  ground  track  velocity  ft/sec 

Vertical  distance#  measured  positive  ft 

down  nacelle  pivot  along  body  axes 

Vertical  force,  measured  positive  lb 

down  along  body  axes 

Total  vertical  aerodynamic  force  at  lb 

center  of  gravity#  measured  positive 
down  along  body  axes 

Vertical  force#  measured  positive  lb 

down  along  body  axer, 

Vertical  ground  track  velocity  ft/sec 


Vertical  distance  from  nacelle  pivot  ft 

to  center  of  gravity  of  aircraft 
component#  positive  down  from  nacelle 
pivot  along  body  axes 

Angle  of  attack  rad 

Angle  of  sideslip  rad 

Vertical  distance  between  wing  fuel  ft 

center  of  gravity  and  wing  mass 
element  center  of  gravity 
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Symbol 

Definition 

Units 

A ^ 
w f ue  1 

Vertical  distance  between  fixed 
nacelle  center  of  gravity  and  wing 
mass  element  center  of  gravity 

ft 

<3 

Vertical  distance  between  wing  center  ft 
of  gravity  and  wing  mass  element 
center  of  gravity 

6 

Control  element  (surface  or  stick) 
angular  or  linear  displacement 

deg  or  j 

«’c 

Vertical  distance  between  cargo  center  ft 
of  gravity  and  fuselage  mass  element 
center  of  gravity 

^ 'CR 

Vertical  distance  between  crew  center 
of  gravity  and  fuselage  mass  element 
center  of  gravity 

ft 

6 'p. 

Vertical  distance  between  fuselage 
center  of  gravity  and  fuselage  mass 
element  center  of  gravity 

ft 

^ 'ht 

Vertical  distance  between  horizontal 
tail  center  of  gravity  and  fuselage 
mass  element  center  of  gravity 

ft 

STEER 

Nose  wheel  steering  angle,  positive 
right 

deg 

6^T 

Vertical  distance  between  vertical 
tail  center  of  gravity  and  fuselage 
mass  element  center  of  gravity 

ft 

c 

Wing  or  rotor  downwash  angle 

rad 

Wing  downwash  angle  at  zero  wing 
angle  of  attack 

rad 

^iLR 

Rotor/rotor  interference  angle,  left 
rotor  on  right  rotor 

rad 

^iRL 

Rotor/rotor  interference  angle,  right 
rotor  on  left  rotor  ^ 

rad 

Wing  on  rotor  interference 

rad 

Z 

Rotor  sideslip  angle  or  damping  ratio 

rad  or  ND 

?wl"*‘Cw4 

Wing  damping  ratio 

ND 
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Symbol 

fuel 


H ' 

w’NF 


H' 


w 'w 


n' 

c 


n 


F 


riHT 

'^HT 


nvT 

^VT 


Htr 

e 


e 


t 


0 


.75 


X 


Definition 


Units 


Horizontal  distance  between  wing  fuel  ft 
center  of  gravity  and  wing  mass 
element  center  of  gravity 

Horizontal  distance  between  fixed  ft 

nacelle  center  of  gravity  and  wing 
mass  element  center  of  gravity 

Horizontal  distance  between  wing  ft 

center  of  gravity  and  wing  mass 
element  center  of  gravity 

Horizontal  distance  between  cargo  ft 

center  of  gravity  and  fuselage  mass 
element  center  of  gravity 

Horizontal  distance  between  crew  ft 

center  of  gravity  and  fuselage  mass 
element  center  of  gravity 

Horizontal  distance  between  fuselage  ft 
center  of  gravity  and  fuselage  mass 
element  center  of  gravity 

Horizontal  tail  efficiency  ND 


Horizontal  distance  between  horizontal  lb 
tail  center  of  gravity  and  fuselage 
mass  element  center  of  gravity 

Vertical  tail  efficiency  factor  ND 

Horizontal  distance  between  vertical  ft 
tail  center  of  gravity  and  fuselage 
mass  element  center  of  gravity 

Transmission  efficiency  ND 


Aircraft  pitch  or  Euler  angle  or  rad  or  ND 

temperature  ratio 


Wing  twist  angle 


rad 


Rotor  collective  pitch  angle  at  deg 

three-quarter  radius 


Angle  between  the  rotor  shaft  and  a 
line  drawn  through  the  nacelle  center 
of  gravity  from  the  pivot 


rad 
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Symbol 

Definition 

Units 

u 

Rotor  advance  ratio  = V/r^R 

ND 

Tire  sliding  coefficient  of  friction 
when  sliding  sidewards  (for  concrete) 

ND 

Tire  rolling  coefficient  of  friction 
(for  concrete) 

ND 

Coefficient  of  rolling  friction  for 
brakes 

ND 

Terms  in  wing  immersed  area  calcula- 
tion 

— 

P 

Ambient  air  density 

slug/ft- 

a 

Fuselage  sidewash  angle 

rad 

°h 

Ambient  density  ratio 

ND 

T 

Angle  between  freestream  velocity  and 
rotor  resultant  force 

rad 

Engine  response  time  constant 

sec 

TE 

Engine  response  time -constant 

sec 

tHT 

Horizontal  tail  effectiveness 

ND 

T^LAS 

Load  alleviation  system  time  constant 

sec 

tVT 

^®^tical  tail  effectiveness 

ND 

TP 

Lateral  directional  SAS  time  constant 

sec 

Tr 

Lateral  directional  SAS  time  constant 

sec 

Lateral  directional  SAS  time  constant 

sec 

Lateral  directional  SAS  time  constant 

sec 

T 

<^i^rectional  SAS  time  constant 

sec 

Lateral  directional  SAS  time  constant 

sec 

n 

Rotor  thrust  response  time  constant 

sec 

T2 

Rotor  thrust  response  time  constant 

sec 

Aircraft  roll  angle  or  Euler  angle 

rad 
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Symbol 

<^P 


X 

S2 

n 


Definition 

Rotor  swashplate  phase  angle 

Functions  in  wing  vertical  bending 
equations 

Rotor  wake  skew  angle 

Aircraft  yaw  angle  or  Euler  angle 

Rotor  or  engine  rotational  speed 

Angular  velocity  vector 

Natural  frequency 

Wing  natural  frequencies 


Units 

rad 


rad 

rad 

rad/sec 

rad/sec 

rad/sec 

rad/sec 
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A 

AC 

ACT 

AERO 

a 

B 

c 

CG 

CR 

C/4 

DUM 

E 

EFF 

e 

F 

FAC 

FUEL 

FUELcg 

FUS 

F' 

f 

GLAS 

GYRO 

<3 

HL 


Available 

Aerodynamic  center 
Actuator 

Aerodynamic  force 
Aileron 

Longitudinal  stick 
Cargo 

Center  of  gravity 
Crew 

Quarter  chord 
Dummy  variable 
Engine 
Effective 

Elevator  or  effective 
Fuselage 

Fuselage  aerodynamic  center 
Fuel  in  wing 
Fuel  center  of  gravity 
Fuselage 

Fuselage  minus  landing  gear 
Flap 

Load  alleviation  system 
Gyroscopic 
Ground  or  gust 
Left  rotor  hub 


L X 


S\±)scripts 


HR 

HT 

HTCG 

IGE 

i 

L 

LAS 

LE 

LG 

L-L 

LN 

LR 

LRH 

LT 

LW 

LWo 

MAX 

N 

NF 

NFCG 

NL 

NR 

NT 

n 

OGE 


Right  rotor  hiob 
Horizontal  tail 

Horizontal  tail  center  of  gravity 

In  ground  effect 

IiTunersed 

Left  wing  or  rotor 

Load  alleviation  system 

Left  engine 

Landing  gear 

Rotor  lead-lag 

Left  nacelle 

Left  rotor 

Left  rotor  hub 

Left  wing  tip 

Left  wing 

Left  wing  referred  to  freestream 
Maximum 

Nacelle  or  natural  frequency 
Fixed  portion  of  nacelle 
Fixed  portion  of  nacelle  center  of 
Left  nacelle 
Right  nacelle 

Tilting  portion  of  nacelle 

Landing  gear  index,  n=l  left  gear, 
n=3  nose  gear 

Out  of  ground  effect 
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gravity 


n=2  right  gear. 
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Subscripts 


p 

Power,  nacelle  pivot,  or  rotor  polar 
inertia 

moment  of 

POWER 

Power 

PA 

Pilot  station 

R 

Right  wing,  rotor  or  rudder  pedal 

RE 

Right  engine 

REQ 

Required 

RIGID 

Rigid 

RN 

Right  nacelle 

RR 

Right  rotor 

RRH 

Right  rotor  hub 

RT 

Right  wing  tip 

RUD 

Rudder 

RW 

Right  wing 

RWq 

Right  wing  referred  to  freestream 

S 

Rotor  shaft,  side,  or  lateral  stick 

SP 

Spoiler 

STALL 

Stall 

T 

Tail,  total  or  wing  tip 

TH 

Throttle 

VT 

Vertical  tail 

VTCG 

Vertical  tail  center  of  gravity 

W 

Wing 

WAC 

Wing  aerodynamic  center 

WCG 

Wing  center  of  gravity 

X 

Along  the  longitudinal  axis,  positive 

forward 
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Sxibscripts 

y 


Along  the  lateral  body  axis,  positive  out 
right  wing 


z Along  the  vertical  body  axis,  positive  down 

_ Denotes  a vector  quantity 

Superscripts 

(c)  Refers  to  cargo  or  payload  weight 

(CR)  Refers  to  aircraft  crew  weight 

F Fuselage 

F'  Fuselage  less  landing  gear 

HT  Horizontal  tail 

(HT)  Refers  to  horizontal  tail  weight  component 

IGE  In  ground  effect 

LW  Left  wing 

N Nacelle 

NL  Left  wing  tip  at  pivot 

NR  Right  wing  tip  at  pivot 

RW  Right  wing 

T Total  of  horizontal  and  vertical  tail 

VT  Vertical  tail 

(VT)  Refers  to  vertical  tail  weight  component 

W Wing 

(W'fuel^  Refers  to  wing  fuel  weight 

(Wf')  Refers  to  fuselage  weight  component 

(W'np)  Refers  to  weight  of  fixed  portion  of  nacelle 

(W^)  Refers  to  wing  weight  component 
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Supers  cripts 

Denotes  an  interim  calculation 
in  local  wind  axes 

Denotes  an  interim  calculation 

Denotes  average  value 

* ' Denotes  interim  calculation  or 

freestream  wind  axes 

Denotes  an  interim  calculation 

^ Denotes  an  interim  calculation 

^ Denotes  a unit  vector 


or  coefficient 


calculation  in 
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1. 1 Background 

The  work  reported  in  this  docuinent  was  uncertaken  as  part  of 
a more  extensive  program  which  has  as  its  objective  the  flight 
test  demonstration  of  a NASA-Army  lIV-15  Tilt  Rotor  Research 
Aircraft  which  will  be  modified  by  replacing  the  current  gim- 
balled  rotor  with  a larger  diameter  hingeless  rotor  fabricated 
from  advanced  composite  materials.  The  current  NASA-Army  tilt 
rotor  research  aircraft  project  is  aimed  at  verifying  the 
feasibility  of  the  tilt-rotor  concept  through  investigation 
of  the  performance,  stability  and  handling  qualities  of  the 
XV-15  tilt  rotor.  This  aircraft  utilizes  25  foot  gimballed 
rotors  constructed  of  bonded  aluminum  honeycomb  and  stainless 
steel.  Replacement  of  these  rotors  by  ac.vanced— technology 
fiberglass/composite  hingeless  rotors  of  larger  diameter, 
combined  with  an  advanced  integrated  fly-by-wire  control  sys- 
tem, will  further  enhance  the  flying  qualities,  performance, 
maneuverability  and  rotor  system  fatigue  life  of  the  XV-15. 

1.2  Objectives 

The  objectives  of  the  subject  program  were  (a)  to  develop 
a parametric  simulation  model  of  the  HRICV-15,  (b)  to  use  the 
model  to  conduct  engineering  studies  to  define  acceptable  pre- 
liminary ranges  of  primary  and  secondary  control  schedules  as 
functions  of  the  flight  parameters,  (c)  to  conduct  engineering 
evaluation  of  performance,  flying  qualities  and  structural 
loads,  and  (d)  to  have  a Boeing-Vertol  pilot  conduct  a simu- 
lated flight  test  evaluation  of  the  aircraft. 

All  of  these  objectives  have  been  fully  met  and  are  reported 
in  the  paragraphs  which  follow. 

1.3  Mathematical  Modelling  Approach 

A full  force  mathematical  representation  of  the  aircraft  is 
used  rather  than  a linearized  derivative  representation.  This 
is  considered  necessary  because  of  the  degree  of  non-linearity 
in  the  behavior  of  the  forces  acting  on  the  aircraft  in  tran- 
sition. For  example,  the  rotor  forces  are  functions  of  higher 
powers  of  flight  parameters  such  as  a , v and  C^,  and  aerody- 
namic interference  effects  between  rotor  and  empennage  are 
significantly  non-linear.  XV-15  data  for  airframe  aerody- 
namics, c.g.  ranges,  stick  and  pedal  travels  were  usea , but 
no  constraints  were  placed  on  the  design  of  thrust  management, 
rotor  control  or  stability  and  control  augmentation  systems. 
Some  difference  in  detailed  requirements  are  to  be  expected 
and  in  addition,  there  are  fewer  constraints  in  achieving  an 
ideal  design  when  a fly-by-wire  capability  is  envisioned. 
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The  general  format  and  architecture  of  earlier  tilt  rotor  simu- 
lation models  developed  at  Boeing  Vertol  was  retained  where 
possible  for  the  subject  activity.  This  required  a conversion 
of  the  basic  airframe  aerodynamics  provided  by  NASA  for  the 
XV-15  to  a form  compatible  v/ith  Boeing  Vertol  usage.  In 
addition,  the  H’-tail  configuration  of  the  XV-15  required  that 
the  approach  to  rotor -empennage  interference  be  changed  to  one 
using  an  extensive  data  bank  of  aerodynamic  interactions. 

An  advance  on  previous  practice  was  the  use  of  rotor  data  based 
on  full  scale  and  model  scale  results  and  represented  by  a set 
of  equations  giving  the  rotor  hub  forces  and  moments , and 
blade  loads  as  functions  of  the  flight  parameters.  This  repre- 
sents a significant  improvement  over  earlier  practice , which 
used  a data  bank  and  time  consuming  look-up  approach. 

1. 5 Nacelle  Configuration 

In  the  subject  simulation  the  entire  wing  tip  package,  includ- 
ing the  engines  is  assumed  to  tilt  in  the  seime  manner  as  the 
XV-15.  In  the  HRXV-15  the  engine  may  be  retained  in  a hori- 
zontal position  while  the  rotor  and  drive  train  tilts.  However, 
since  this  question  was  not  resolved  when  the  simulation  effort 
was  initiated,  it  was  decided  to  retain  the  XV-15  nacelle  con- 
figuration. The  issues  involved  in  this  decision  are  not 
related  to  flying  qualities,  but  have  more  to  do  with  oper- 
ational qualities  such  as  the  effect  of  jet  efflu:^  on  the 
landing  surface  and  the  general  accessibility  of  nacelle 
components  for  maintenance.  Thus  the  conclusions  reached  in  the 
present  simulation  activity  will  be  valid  whether  or  not  the 
engine  tilts  along  with  the  remainder  of  the  nacelle. 

1.6  Status  of  Current  Simulation 

The  subject  simulation  and  design  investigation  is  a prelim- 
inary effort  indicating  generally  acceptable  flying  qualities 
and  performance  for  a tilt  rotor  aircraft  of  the  same  general 
configuration  as  the  XV-15,  but  using  26-foot  diameter  hinge- 
less soft  in-plane  rotor  in  place  of  the  gimballed  25-foot 
diameter  rotors  currently  installed.  It  is  desirable  that  this 
simulation  should  be  updated  as  more  detailed  design  work  on 
the  compatibility  of  the  Boeing  rotor  system  with  the  }CV-15 
proceeds  under  NASA  Contract  NAS2-9015.  Two  areas  are 
identified  where  continued  activity  is  considered  desirable. 
First  the  rotor  force  and  moment  mathematical  model  should  be 
upgraded  to  reflect  more  fully  the  comprehensive  data  acquired 
on  test  during  Contract  NAS2-9015.  Second,  the  definition  of 
primary  control  system  schedules  can  be  further  refined  to 
provide  additional  speed  and  maneuvering  capability  through 
transition.  This  topic  is  discussed  in  detail  in  Appendix  G. 
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Ths  hingslsss  rotoir  XV~15  Tilt  Rotoir  Aiircrs-ft  coinbinss  ths  NASA~ 
Army  XV-15  airframe  and  engines  with  a Boeing  7.92  meter  (26  feet) 
diameter  fiberglass  hingeless  rotor  system  and  fly-by-wire 
controls.  Figure  2.1  presents  an  artist's  impression  of  the 
HRXV-15.  The  figure  shows  the  aircraft  with  fixed  engines 
although  the  present  simulation  was  conducted  with  tilting 
engines  as  on  the  current  XV-15.  Figure  2.2  gives  the  general 
arrangement  of  the  HRXV-15.  Design  gross  weight  is  5896  kg 
(13000  lb)  and  maximum  weight  is  6803  kg  (15000  lb) . 

2 . 1 Component  Data 

With  the  exception  of  the  rotors^data  on  the  aircraft  was 
obtained  from  Reference  1 and  2. 

2.1.1  Rotors 

The  HRXV-15  uses  Boeing-developed  26  foot  diameter,  hingeless, 
soft  in-plane  rotors  of  fiberglass  composite  construction.  The 
hingeless  rotor  concept  simplifies  the  design  of  the  hub  and 
upper  controls  compared  to  a gimballed  or  articulated  system. 

This  design  simplicity  yields  high  reliability,  safety  and 
low  maintenance.  These  improvements  derive  from  the  reduction 
in  the  number  of  parts  and  bearings  required  in  the  rotor  hub. 

The  large  control  hub  moments  and  in— plane  forces  generated  by 
cyclic  control  provides  the  capability  for  good  pitch  and  yaw 
control  of  the  aircraft  at  low  speeds.  This  control  power 
also  enables  the  aircraft  to  be  trimmed  over  a large  center- of- 
gravity  range. 

EwCh  rotor  is  three-bladed  of  solidity  0.1154.  Twist,  thick- 
ness and  airfoil  section  characteristics  are  presented  in 
Figure  2.3.  The  rotor  hover  and  cruise  performance  together 
with  its  dynamic  and  structural  integrity  have  been  successfully 
demonstrated  in  full-scale  wind  tunnel  tests. 

2.1.2  Power  Plant 

The  XV-15  is  powered  by  2 cross-shafted  front-drive,  free-turbine 
Lycoming  LTC1K-4K  (T53-L-13B)  engines.  The  engine  performance 
figures  used  in  this  simulation  are  detailed  in  Section  7.0. 

2.1.3  Wing 

The  untwisted  high  wing  is  swept  forward  6.5“  at  the  leading 
edge  and  possesses  2“  positive  dihedral.  The  forward  sweep 
was  introduced  to  accommodate  the  high  blade  flapping  angle 
experienced  with  the  current  gimballed  rotor  arrangement.  This 
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forward  sweep  is  not  required  when  hingeless  rotors  are  uti- 
lized because  of  the  modest  blade  flapping  developed.  In  the 
present  simulation  the  sweep  is  included,  however. 

The  wing  root  and  tip  airfoil  sections  are  NACA  64A223.  The 
control  surfaces  consist  of  flaps  and  flaperons,  the  flaperons 
being  connected  to  the  flap  controls  so  that  they  droop  as  the 
flaps  are  lowered.  Figure  2.4  shows  the  relationship  between 
aileron  setting  and  flap  setting. 

2.1.4  Horizontal  and  Vertical  Tails 

The  horizontal  and  vertical  stabilizers  form  a H-tail  config- 
uration. The  vertical  fins  are  located  at  the  extremities  of 
the  horizontal  tail.  The  horizontal  tail  has  a 30  percent 
chord  plain  elevator  and  the  vertical  fins  a 25  percent  chord 
rudder.  The  horizontal  tail  incidence  is  ground  adjustable. 
The  nominal  setting  is  zero  degrees . 

2.1.5  Configuration  Dimensions 

Table  2.1  presents  a summary  of  ths  HRXV-15  dimensions,  areas 
and  other  pertinent  data. 
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Figure  2.1.  Artist's  Concept  of  a Boeing  Fixed  Engine  Hingeless 
Rotor  Nacelle  Design  on  the  XV-15  Airframe 
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Figure  2 . 3 Rotor  Blade  Twist  and  Thickness  Characteristics 
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FLAP  PLACARD  SPEEDS 


To  220  KT 


To  170  KT 


To  100  KT 


FLAP  LEVER  DETENTS 

♦ ♦ 


^3.8"  deg  UP  AILERON  :~+T^  9 cm  C+ 4 . 8 in) 


LATERAL  STICK  TRAVEL 


X 0“  AILERON 


13.8DEG  \ 

DOWN  AILERON 


FLAP  SETTING  - DEG  DOWN 


Figure  2.4  Flaperon  Deflection  with  Flap  Position 
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HINGELESS  ROTOR  XV-15  TILT  ROTOR  - DIMENSIONAL  DATA 


WING 

Area  (Reference) 

Span  (Between  Rotor  g) 
Chord 

Aspect  Ratio 
Sweep 

Center  of  Pressure: 

S.L. 

B.L. 

W.L. 


(181  ft^) 

9.81  m (32.17  ft) 
1.6  m (5.25  ft) 
5.72 

6.5  degree  fwd. 


7.396  m (291.17  in) 
+2.604  m (102.5  in) 
2.435  m (95.85  in) 


ROTORS 

No.  of  Blades  per  Rotor 
Diameter 

Disc  Area  per  Rotor 
Solidity 

Direction  of  Rotation  (Airplane) 
Rotor  Speed 

Nacelles  90  deg  (HOVER) 

0 deg  (AIRPLANE) 
Polar  Moment  of  Inertia 

Location  of  Shaft  S.L. 

Pivot  Points  B.L. 

W.L. 

Distance  from  Hub  to  Pivot 
Point 


3 

7.925  m (26.0  ft) 
49.325  m^ (530.93  ft^) 
0.1154 
UP  INBOARD 

57.7  rad/sec  (551  rpm) 
40.4  rad/sec  (386  rpm) 
764.8  kg. m^ (564  slug  ft^ 

7.26  m (300.0  in) 

+4.902  m (193.0  in) 

2.54  m (100.0  in) 

1.423  m (4.667  ft) 
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NACELLES 


Center  of  Gravity 
(Nacelle  at  90  deg) 


Mass  per  Nacelle 
Nacelle  Inertias 


S.L. 

B.L. 

W.L. 


Distance  from  C.G.  to 
Pivot  Point 

Angular  Depression  of 
C.G.  below  Hub-to- 
Pivot  Line 


7.409  m (291.7  in) 

+4.902  m (193.0  in) 

3.0  m (118.0  in) 

903.95  kg  (61.94  slugs) 

113.38  kg.m^(81.4  slugs  ft^) 
584.4  kg.m^ (431. Oslugs  ft^) 
515.3  kg.m^ (380.0slugs  ft^) 

0.503  m (1.65  ft) 

0.432  rad  (24.75  deg) 


Distance  of  Tail  Pipe 

54.42 

cm 

(23  ins) 

g below  Pivot 

FUSELAGE 

- 

Center  of  Pressure 

S.L. 

7.442 

m 

(293.0  in) 

B.L, 

0. 

0 

W.L. 

2.134 

m 

(84.0  in) 

PILOT  STATION  COORDINATES 

Eye  Level 

S.L. 

5.311 

m 

(209.1  in) 

B.L. 

0.419 

m 

(16.5  in) 

W.L. 

2.083 

m 

(82.0  in) 

Seat 

S.L. 

5.467 

m 

(215.25  in) 

B.L. 

0.419 

m 

(16.5  in) 

W.L. 

1.283 

m 

(50.5  in) 
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TABLE  2,1  (continued) 


HORIZONTAL  TAIL 
Area 
Span 
Chord 

Aspect  Ratio 

Center  of  Pressure  S.L. 

B.L. 

W.L. 


VERTICAL  TAILS  (ONE  PANEL) 

Area 

Span 

Chord 

Center  of  Pressure  S.L. 

B.L. 

W.L. 


LANDING  GEAR 


Coordinates 
Gear  Down 


of 


Main 


Nose 


S.L. 


B.L. 


W.L. 


S.L. 


B.L. 


W.L. 


Tyre  Radii 


Main 

Nose 


4.668  (50.25  ftM 

3,911  (12.83  ft) 

1.195  m (3.92  ft) 
3.276 

14.224  m (560.0  in) 

0.0 

2.616  m (103.0  in) 

2.346  (25.25  ftM 

2.341  m (7.68  ft) 

1.135  m (3.725  ft) 

14.479  m (570.02  in) 
+1.956  m (77.0  in) 
"2.939  m (115.69  in) 

8.28  m (326.0  in) 

+1.302  m (51.25  in) 
0.483  m (19.0  in) 

3.531  m (139.0  in) 

0.0 

0.411  m (16.2  in) 

26.1  cm  (10.26  in) 
16.5  cm  (6.48  in) 
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3.0  EQUATIONS  OF  MOTIOM 


This  section  presents  the  derivation  of  the  airframe  eauations 

obtai^^the^f?  srrr^lifications  that  were  made  in  order  to 
obtain  the  final  equations  as  presented  in  Appendix  E.  The 
treatment  accounts  for  all  six  rigid-body  deg?e2s-Sf- freedom 
including  the  effects  of  the  tilting  nacellel  and  roto^S!  The 
principal  features  of  the  derivation  are: 


o Assumption  of  X-Z  plane  of  symmetry 

o The  basic  equations  are  derived  about  the 
instant^eous  center  of  gravity  of  the  air- 
craft since  the  center  of  gravity  is  strongly 
dependent  on  nacelle  incidence. 

o Rotor  and  engine  gyroscopic  terms  are  included. 

o Ihe  wing  elastic  degrees  of  freedom  do  not 
couple  inertially.  The  coupling  occurs  only 
through  the  aerodynamic  terms. 

o Wing  aeroelastic  effects  are  not  included  in 
the  center  of  gravity  calculations. 

3.1  AXES  SYSTEM 


A set  of  right-handed  orthogonal  axes  OXYZ  is  placed  at  the 

such^tha^  aircraft  and  is  fixed  in  the  aircraft 

such  toat  OX  lies  in  the  lateral  plane  of  symmetry  and  is 

positive  forward  parallel  to  the  fuselage  wat^  Une  ze^L  The 
remaining  axes  are  placed  as  shown  in  Figure  3.1. 

aircraft  is  defined  with  respect  to  a 

plL?L!  fo  C x;y'Z*.  With  the  axes  OXYZ  initially 

o ^ ^ ^ , the  aircraft  is  yawed  to  the  right  about 

O through  an  angle  ii , then  pitched  up  about  OZ  through  the 
angle  6,  and  finally  rolled  right  about  OX  through  the  angle  . 

If  V and  £ are  the  aircraft  velocity  and  angular  velocitv 

relative  to  the  earth-fixed'^axes , the  pLJec?ioS  of 
vectors  on  the  moving  axes  are  U,  V,  and  W for  the 

and  P,  Q,  and  R for  the  angu- 
lar velocity  coiiponents . 


Thus , 


V “ Ui  + VjL  + Wk 
£ » Pi  + Q2  + Rk 
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where  the  unit  vectors  i,  1,  and  k lie  along  OX,  OY,  and  OZ 

3 . 2 AIRCR?^T  ground  TRAPTf 


The  components  of  V relative  to  the 
tamed  in  terms  of  u,  V,  w and  e. 


earth-fixed  axes  are  ob- 
(p  as,  (See  Reference  2 ), 


dt 


U cos  8 cos  ip  + V (sin  (p  sin  8 cos  ip  - cos  ^ sin  ij;) 


+ W (cos  (j)  sin  8 cos  * + sin  8 sin  ip) 


dY* 

clt  “ ^ cos  8 sin  ij;  + V (sin  ^ sin  6 sin  + cos  ^ cos  ifi) 

+ W (cos  (p  sin  8 sin  ip  - sin  ^ cos  ifi) 

dt  * sin  8 + Vsin  ^ cos  6 + Wcos  ^ cos  8 


(3.3 


angular  velocity  in  the  moving  aies  s“teS^®v“!^°"®"''^ 


♦ 


(Rcos  jfi  + Qsin  4i)sec  8 


0 « Q cos  $ - Rsin  p 
♦ ■ P + sin  0 


3.3  FORCE  EQUATION 

S^s‘?rgiv«*S*"  center  of 


P - g|  (mV) 


m 


’6V  1 

[if  * iS-  * 


(3.5) 


where  m is  the  mass  of  the  aircraft  and  £2  is  the  rate  of 
^ange  of  V with  respect  to  the  moving  riference  frame  OXYZ, 
6V 


— /,  7 • .A 

Jt**Ui+Vi+Wk 


(3.6) 


has  components  F^,  Fy,  and  F^  along  the  respective  axes 
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1 + F„^  + Fz 


■yi 


m 


+ Vi  + % + 


i-  j k 
P Q R 
U V W 


] 


thus 


Fx  “ ® (U  + QW  - RV) 
Fy  « m (V  + RU  - PW) 
Fj  « m (W  + PV  - QU) 


(3.7) 


The  forces  Fy  and  F^  are  given  by 

* ^AERO  “ “ig  sin  e 
*’y  “ ^AERO  + nig  sin  cos  e 

^2  " ^AERO  n»g  cos  cos  e 


(3.8) 


the  components  of  the  total  aerodynamic 
force  acting  at  the  aircraft  center  of  mass. 

Substituting  equations  (3.5)  in  equations  (3.7),  the  follow- 
ing equations  are  obtained  for  the  aircraft  accelerations, 


A „ ^AERO 

“ — m g sin  9-  QW  + RV 


W 


‘aero 

m 

^AERO 

m 


+ g cos  9 sin  ^ - RU  + PW 
+ g cc  s e cos  <^  + QU  - PV 


(3.9) 


3.4  MOMENT  EQUATION 

Of  the  equations  for  the  total  moment  acting 
aircraft  center  of  mass  is  conplicated  by  the  fact 
that  toe  eerier  of  mass  changes  position  due  to  the  tilting 
nacelles.  Thus  the  centers  of  gravity  of  the  principal  air- 

the  wings  (mw)  , fuselage  (including 
tails;  (mf)  , and  nacelles  (mji)  , move  with  respect  to  the  ref- 
erence  axes  OXYZ  placed  at  the  instantaneous  Sverall  ienterof 
gravity  of  the  aircraft.  The  equation  of  motion  for  such  a 

will  first  be  obtained  and  the  total  moment  found 
by  adding  the  contributions  of  all  the  elements. 
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3 . 5 EQUATION  OF  MOTION  FOR  A MASS 


With  reference  to  Figure  (3.1)  O’xyz  is  a right-handed  set  of 
axes  placed  at  the  center  of  gravity  of  the  representative  mass 
The  axes  are  parallel  to  the  set  OXYZ.  The  mass,  m,  rotates 
^out  Its  own  center  of  gravity  with  angular  velocity  a;  which, 
in  general,  differs  from  £ the  angular  velocity  of  the  aircraft 
If  r IS  ^e  radius  vector  from  O to  O'  then  the  velocity  of  the 
center  of  mass  of  the  element  is 


V = + n X r 

6t  ” “ 


(3.10) 


The  angular  momentum  of  this  mass  a±)Out  0 is 

h = m (r  X V)  + ho  ^3^1 

where  ho  is  the  angular  momentum  of  m about  its  own  center  of 
mass  and  is  given  by 

ho  * r uj 


where_, 

i 


-I 

-I 

XX 

xy 

X2 

I 

-I 

yx 

yy 

yz 

-I 

I 

zx 

zy 

zz 

(3.13) 


^xx/  etc.,  are  the  momrints  emd  products  of  inertia  of  the 
mass  about  O’xyz. 

The  total  moment,  G,  about  the  aircraft  center  of  mass  is  given 


G 


dt 


X h 


Using  equations  (3.10), 
becomes 


(3.11),  and  (3.12)  in  (3.14),  the  moment 


^ ■ "[If  * Jl)  + £ * It  (II 

+ m fl  X I’r  X + £ X rj]  + n x(iji) 


+ 0 X 


(3.15) 
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Q 


■ ^ ^ “ If  <£•£)  -”>£(£•  ff ) 

-2m  i£  (£,r)  -m(r.n)  (nxr)  + I ^ + n x^I  uj 


(3.16) 


The  only  messes  thet  possess  en^'uler  velocities  different  from 
that  of  the  aircraft  are  the  nacelles,  which  are  free  to  pitch 
about  O’  with  angular  rate  i = . Thus  u may  be  written 

generally  as  dt 

w « Pi  + (Q  + In)  i + R k (3.17) 

Now,  with  r « Xi  + Yi  + Z^,  where  X,  Y,  and  Z are  the  in- 
stantaneous  coordinates  of  the  individual  mass  center  relative 
to  the  aircraft  mass  center,  the  various  terms  of  equation 
(3.16)  are,  in  component  form. 


r.  ^ « XX  + YY  + Zi 
~ 0 1 

6^r  A A A 

£ 3C  * (YZ-ZY)i  - CXZ-ZX)i  + (XY-YX)k 

^ (r.r)  - (x2  + y2  + z2)  (Pi  + q£  + ^)  (3.18) 

6 n • • # 

r.  » XP  + YQ  + ZR 
0 1 

Q.r  “ XP  + YQ  + ZR 

<£•£)  (iL«£)  * (XP+YQ+XR)  [(QZ-RY)l-(PZ-RX)£+(PY-XQ)k] 

^ It  " + lyy  CQ+"n)1  + tlzzR-IxzP)^. 

^ X (Iu_)  ” (QR  l2z“^^^xz“^Q^yy“^^N^yy  ^ i. 

-(PR  lz2-p2lx2-PR  Ixx  + R^Ixz)i 
+ (QR  Ixz'*‘^Q^yy  ^^N^yy  " ^xx^Ji 

where,  in  the  last  two  terms,  the  products  of  inertia  Ixy  and 
lyz  are  zero  from  symmetry  considerations.  ^ 

Substituting^ the  above  relations  into  equation  (3.16)  and 
noting  that  Y-  and  y are  always  zero  (no  lateral  motion  of  the 
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Classes)  the  following  expressions 
the  con^onents  of  the  moment  G = ALi  + AMj_  + 


are  obtained  for 
ANk: 


“ ^^^xx  "^^^2  + z2)j  - (R+PQ)II^^  + m XZ] 


+ RQUzz“^yy+i^(Y^-22)  ] + m YZ(r2-q2)  - 
+ m (Y2-2XYR  - 2XZR  + 2ZZP  - XY  (Q  - PR)) 

AM  » 6 [Iyy+m(x2  + z2)]  - (R2.p2jji^^  + ^ 

+ PR  tlxx-Izz  + m(z2-x2))  + 

+ m [icz-xz  + 2Q(2Z+XX)-XY  (P+RQ) +YZ  (PQ-R)  ] 

AN  - R Il22+m(x2+Y2)]  - (p-RQ)  XZ]  ( 

+ PQ  r^yy'^xx  in(X2-Y2)J  + lyyP  Ijj 

+ xn  [2XXR  - YX  - 2X2P  - 2YZQ  - YZ  (Q+PR)+XY (Q2-p2) j 
Summing  the  rolling  moment  equation: 


^ “ ^XX  ^"^XZ  CR+PQ)  + CI22-IyyJ^^Q 

+ injj(R2-Q2)  (Zjjp-Zjjj^)  Y^  + mjj  ^Yy  (ZjjR-Zjji^) 

-2Q(Xj,j^-Xjjl)Yj^.-2R(Xjjj^Zjjr  + Xjjl^nL^  + ^^j^R^nr  •*• 
^NL^NL ^ ^^NR“^4^L^  ^nJ"*"  ^m^Zf  (PZ£  — 

RXf)  + 2m^,2„(P2„  - iix„)-R 


(3.21) 


where  Ixx/  Ixz/  Izz»  and  lyy  are  the  inertias  of  the  aircraft 

^""tLnT "'d  the  subscripts  f,  w,  NL  and 
NR  Stand  for  fuselage,  wing,  left  nacelle  and  right  nacelle 
symbols  are  defined  in  the  List  of  Symbols. 

yiJSno  pitching  Lment  and 

moment.  In  the  interests  of  brevity  the  remainder  of 
the  discussion  will  be  limited  to  equation  (3.21). 

rolling  moment  equation  indicate 
equation  may  be  simplified  considerably  without  a 

^iiS-lMtTmav  Kor  example,  terms  containing 

NR  nl)  may  be  dropped  beqause  Xnr  is  normally  identical  to 
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i»e.  t:he  nacelles  are  raised  or  lowered  together  at  the 
same  rate.  Equation  (3.21)  may  thus  be  written 

L=IXXP-IXZ(R+PQ)  + (IzZ-IYY)RQ  + n«NYN(ZNR-ZNL)  (3.22) 

last  term  has  been  retained  in  consideration  of  the 
maneuvers^^^*'^^^^  nacelle  accelerations  encountered  during  hover 

Appendix  C the  last  term  of 

Equation  (3.22)  may  be  rewritten  as 


-ImjjYj^  ^in  (im.-^) 

(3.23) 

“■^NR  ” ^NL 

which  may  be  approximated  to 

“ImjjYjj  [ijjj^  cos  Unr-^)  - Inl  (ijjL-X)]  (3.24) 

since  the  nacelle  rates  appear  as  squared  terms. 


Similar  treatment  of 
equations  results  in 
equations . 


the  pitching  moment 
the  following  final 


and  yawing  moment 
form  of  the  moment 


^AZRO  “ Ixx^-Ix^CR+PQ)  + (I22-Iyy)RQ 


-ImjjYN  t^NR  “ ^NL 


“aero  * ^yyQ  ‘ + Uxx“izz)PR 


+ 

^NR  f 

_N 

^YYo 

[Xr 

cos 

^^NR" 

■X)  - 

2r 

sin 

L 

**  r 

N 

+ 

^NL  { 

lyy^  + imjj 

tXi, 

cos 

^^NL* 

■X)  - 

sin 

“aero  “ 

Igj  R- 

^xz  ■ 

t ^^yy”^XX^ 

+ 

imjjYjj 

I^NR  sin 

t^NR" 

X)  - 

^NL 

sin 

-X)] 

(3.25) 


^AERO»  Maero*  and  Naero  represent  the  sum  of 
^blut  and  rotor/engine  gyroscopic  moments 

about  the  aircraft  center  of  mass,  is  ^h^  nacelle  pitch 

nacelle-fixed  axes  system  described  in 
Appendix  C.  Equations  for  the  aircraft  inertias  are  also 
presented  in  that  Appendix. 
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The  equation  of  motion  for  a nacelle  is  required  in  order  to 
obtain  the  moment  exerted  by  the  nacelle  on  the  wing  tip  at 
the  pivot.  This  moment  is  then  used  in  the  equations  for  wing 


®^9ular  momentum  of  a nacelle  about  its  pivot  point  is 
given  by 


hp  = (r-rp)  X mjjV  + hojj 


(3.26) 


“ n«n  + ho  ‘ "in£p  3c  V 

where  r is  the  radius  vector  from  aircraft  c.g.  to  nacelle 
c.g. 

V is  the  velocity  of  the  nacelle  c.g. 

—On  angular  momentum  of  the  nacelle  cibout  its 

own  c.g. 

mfj  is  the  nacelle  mass 

and  ^ is  the  radius  vector  from  aircraft  c.g.  to  nacelle 
pivot 


The  term  (rxV)  + ho^^  is  the  angular  momentum  of  the  nacelle 
about  the  aircraft  c.g*.  (=  h^^)  . 


i.e.  ^ = h^Q  - %(£ 
The  moment  about  the  pivot  is 


* 5T  - “n  ^ <^P  * (3.2 

Since  the  quantity  ^ has  already  been  obtained  (equations 

(3.18),  (3.19),  and  (3.20)),  only  the  remaining  term  needs  to 
be  evaluated. 

AG  « m^  (£pxV)  = x V + tj.  x i=  + n (^  x V)] 

dt  “ l6t  - 6t ^ ~j 


* mN 

xfii 

+ 

nxr]  + r-  ; 

X .i-  j 

(fL  .nxr) 

+ 

Ifit 
n X 

Ut 

[Ep  x| 

rfir 

iTt 

j -p 

+ n X r jjj 

6t 

Ut  - -J 
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X I * .g\*  r,  x l!|  . (r.r^l 

[iSt  6t  \ St  ) [it  j 6 6 1 ^ 

« ^ ^ ^ ifc  ^ 


Sr 

X ~ 

+ 

n /r  ._z£ 

St 

“1“  St  1 

sn  \ 

f Sr  \ 

— r 

l-== 

St  ) 

[st  -Pj 

(3.29) 


£p 


^1=  .£.j  - (rp.£)  (nxr)^ 


We  req^re  only  the  j.  component  of  this  vector  in  order  to  ob- 
tain the  nacelle  pivot  pitching  moment. 

The  con^onents  of  the  vectors  £p,  r and  £ are 

Ep  - Xpi  + + Zpk  = - XcGi  + Yjji  - ZcGk 

— “ ^n2  ^K— 

„ A A 

£ *=  P£  + + Rk 

Noting  that  the  components  of  1^.,  are  zero  (since  Yjj  is 

a constant)  , the  eibove  expression ^yieiSs 


A24  « nijjpN^CG'ZNXGG  + + Zj^Xcg  + PQ  YjjZjj 

- RQ  XnYn] 


(3.30) 


Combining  this  equation  with  Equation  (3.19)  and  using  the 

Appendix  C,  the  final  equation  for  the 
actuator  pitching  moment  becomes,  after 

some  simplification, 


%H'-InR  [lyy^  + (l- 


cos  2(ij^^-X) 


■MR^-P=)sina„i,-A)  cos  (i««-X)J  -(R2-p2, 

« in  r 

■ ^yVo  “ * -^[j'AERosinCiNR-Jl  + ZrerO  =°s  (iiJR-u] 

- »“hZn  {(R-PO)  sin  Uhr-X)  - + RQ)  cos  (iNR-X)] 


‘AERO 


(3.31) 


where  includes  the  moment  resulting  from  nacelle  aero- 

dynamic loads  and  the  rotor  gyroscopic  moments.  The  terms 
XAERO  and  Zaero  are,  respectively,  the  total  aircraft  aerody- 
namic X emd  Z forces.  ^ 
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The  corresponding  equation  for  the  left  nacelle  actuator  moment 
is  obtained  by  substituting  ~yN“^N  and  ch2unging  the  R subscript 
to  L. 


3.7  DETERMINATION  OF  ROTOR  GYROSCOPIC  MOMENTS 

The  gyroscopic  moments  are  most  readily  obtained  as  follows. 

A set  of  axes  0"x'y'z*  is  taken  at  the  rotor  hub  (rotor  c.g.) 
parallel  to  the  nacelle-fixed  set  of  axes  Ox^y^z^.  Associated 
with  each  axis  are  the  corresponding  unit  vectors  j_'  and 
k' . The  angular  velocity  of  the  rotor  with  respect  to  these 
axes  is  the  vector 


it  = (3.32) 

where  is  the  rotor  rotational  speed. 

The  euigular  momentum  of  the  rotor  with  respect  to  its  c.g.  is 


lio  * ^Ri^ 


where  ^ is  the  inertia  matrix 


^Ryl 


the  off-diagonal  terms  being  zero  since  the  axes  0"x'y'z'  are 
principal  axes  of  inertia  of  the  rotor  and  hiab. 


In  component  form  the  angular  momentum  of  the  rotor  is 


= I 


Ry«^Ri  “ ^R^*Ri' 


(3.34) 


With  respect  to  the  inertial  axes  OYXZ,  the  components  of  ^ 
are 

_ T o 

(3.35) 


^R^rCos  i-i  - I^n^sin  i.jk 


The  hub  moment  is  therefore  given  by 


2hub 


-=£.  * -=£.  + n X ^ 
6t  6t 


where 


£ = p£  + q£  + R^ 


(3.36) 

(3. 37) 


Substitution  of  equations  (3.35)  and  (3.37)  into  equation  (3.36) 
results  in  the  following  equations  for  the  rotor  gyroscopic 
moments . 
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^gyro  - IrOr  cos  a^j+Q)  sin 

^Wro  * + ^ij^R^R  cos  ij, 

“gyro  “"Ir^r  sin  ijj  - (£^+q)  ^os  ij, 


The  above  terms  appear  in  the 
E)  as  additions  to  the  rotor 


Computer  Representation  (Appendix 
aerodynamic  forces  and  moments. 
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4 . 0 AIRFRAME  AERODYNAMICS 


This  section  discusses  the  mathematical  equations  and  repre- 
sentations of  the  aerodynamic  data  for  wxngs,  tails  and 
fuselage.  The  rotor  aerodynamics  is  presented  in  Section  5. 

The  airframe  aerodynamic  data  was  extracted  from  Reference  1 , 

JL'^contract.  In  this  reference  the  aerodyn^rc 
ira^erallv  presented  as  tables  which  are  suited  to  the 
interpolation  approach  used  in  '^hat^^ulation  model.  However, 
Boeing  tilt  rotor  simulation  model  was  originally  stru 
tSle^^o  Lcept  equations  for  the  aerodynamic  forces  and  moments 
rather  than  to  perform  table  look-ups.  A restructuring  of  the 
Leing  simulatiL  math  model  into  a table  look-up 
conSdered  and  rejected  because  of  the  adverse  impact  on  cost, 
schedule  and  time-frame.  Therefore,  the 

analyzed  and  expressed  in  the  form  of  ^es^Jt^Sg 

component  forces  and  moments.  For  the  most  part,  the  resuiring 

Iqu??l“s  yield  results  that  are  in 

In  some  areas , notably  rotor-on-tail  interference , 
it  was  not  possible  to  use  a simple  mathematical  expression 
for  the  data  and  a table  look-up  format  was  utilize  . 

The  representation  of  the  aerodyn^ics  used 

F.  The  aerodynamics  equations  are  written  in  local  * 

angle  of  attack  and  sideslip  from  0 through  +180  . 


4.1  -Fuselage 

The  equations  used  to  represent 
moment  of  the  fuselage  are : 


the  lift,  drag  and  pitching 


CDF  = (CdOF  + KiUfI  + K2C-F)  tos^  6f  + Kq  CdOf|1-cos  (.186f) 


+ ACq  (1 
LG 


- Ks  sin3  l8p' 


Clf  = ^*^42  "'3  “F^  cos^Sp 

Cyp  = K7  8^  + Kg  6^  18^ 


c = [-.11  + .36  sin  (6.6  + 3.3  a^n  cos-Pp  - , Pp 


(4.1) 

(4.2) 

(4.3) 

(4.4) 


'MF 


3.3  a°)l  cos^e^  + + 


AC, 


M 


(1  - 


(4.5) 


LG 


^F  ” ^NOF  ^9  ^F 


+ Kq  Bp  + Ksq  Bpi Bpl 
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where  ap,  $p  are  the  angles  of  attack  and  sideslip  of  the 
fuselage 


o'  = sin  a cos  a 
F F F 

Bp  = sin  6^  cos  gp 


(4.7) 

(4.8) 


tg  is  the  extend/retract  time  constant  for  the  landing  gear  and 
the  coefficients  are  based  on  the  reference  wing  area  and  chord. 

Correlation  of  these  equations  with  the  data  of  Reference  1 is 
presented  in  Figures  4.1  through  4.3.  «ererence  1 is 

4.2  Wing-Nacelles 

The  aerodynamic  forces  and  moments  on  the  complete  wing-nacelle 
“I  “btalned  by  first  considering  the  win^tS  be 

rotor  slipstream.  Forces  are 
wing  to  be  wholly-immersed  in  the 
slipstream.  A simple  method  is  then  used  to  obtain  the 
forces  for  the  partly— immersed  wing • 

Power-off  data  on  the  wing-nacelle  lift,  drag  and  pitchina 

® function  of  nacelle  angle  ^nd  flarpositSi?^were 
. . 1*  This  data  was  linearized  to  suit 

model  structure.  At  angles  of  attack  beyond 
to  +90»^to^i5o4n  pitching  moment  equations  are  extended 

at  low  representation  of  wing  operating  conditions 

??  Figures  4.5,  4.6  and  4.7  show  the 

Its  of  the  linearized  representation  compared  with  the  data. 

4.2.1 


Rotor  Slipstream  Interference 


used  to  compute  the  slipstream  affects  was  developed 
3^4- and  gives  acceptable  agreement  with  wind  tunnel  test 
data  for  a wxde  range  of  configurations . 

**«  =P«='3  ana  direction 

full-contracted  slipstream  in  the  neighborhood  of  the 
From  this,  the  effective  angle  of  attack  of  the  wina  in 

off^dSta^t^thlJ^°'^^?^®^4f^"‘^  ^*^®  computed  from  the  power- 

i^ersed  ^ angle  of  attack  assuming  the  entire  wing  to  be 

attack  of  the  wing  outside  the  slipstream,  the 
ing  forces  and  moments  are  obtained  from  the  power-off  data 

winn^aT-2^e®^  ®^®  scaled  by  the  ratio  of  unimmersed  to  total 

wing  areas  to  yield  approximately  the  forces  acting  on  the 
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immersed  wing.  The  sum  of  the  approximations  to  immersed  and 
unimmersed  wing  forces  is  now  formed  and  is  then  multiplied  by 
a correction  factor  to  obtain  the  final  forces.  The  immersed 
wing  area  is  calculated  as  described  in  Appendix  D. 

The  following  is  an  outline  of  the  method 

T 


The  sketch  represents  a thrusting  rotor  at  angle  of  attack  a. 
The  induced  velocity  at  the  disc,  v^,  is  obtained  by  solving 

the  following  quartic  equation: 


< * 2V.v2 

cos  a + v^V^  = 1 

(4.9) 

where  v* 

= v^//T/2pA 

(4.10) 

V* 

= V^//T/2pA 

(4.11) 

The  resultant  angle  of  attack  of  the  wing  in  the  slipstream  is 
calculated  as 


®ss 


?an 


-1 


W-2vj^  Sin  (ij^  - i„) 
U+2Vj^  Cos 


(4.12) 


and  e = “ Ogg  is 

The  aspect  ratio  of 
lated  as 


formed. 

the  immersed  portion 


of  the  wing  is  calcu 
(4.13) 


where  is  the  immersed  area  and  c is  the  wing  chord.  Let  C 

be  lift  on  the  wing  that  would  exist  if  no  slipstre^  were 
present,  and  Cl"  the  lift  that  would  exist  if  the  wing  were 

wholly  immersed.  Then  the  resultant  lift  is 

C = (Ct"  Cos  e - C^"  Sin  e)  + q/qs  [1“^  ] 

Lc  A c-^ 
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where  the  factor  is  a correction  factor  to  account  for  the 

fact  that  the  lift— sharing  between  immersed  and  unimmersed 
portions  is  not  simply  proportional  to  the  respective  areas. 
From  a consideration  of  mass  flows  the  factor  KJ  can  be  shown 
to  be  ^ 


= V*  + (Ct  /C,  ) Vi 


V*  + V. 


(4.15) 


where 


+ Cl„  [i/AR.  - 1/AR] 
w 


(4.16) 


Similarly  the  drag  and  pitching  moments  for  the  wing  in  the 
slipstream  are 


% " ^’a  ^ C*  l-£i  (4.17) 

(.  S qs  J 

C.Ms  = K'a  ||i  C„"  + c„*  (1  - |i)  |_j  (4.13) 

This  procedure  is  carried  out  for  the  left  and  right  wing 
panels  and  the  forces  used  to  compute  rolling  and  yawing 
moments . 

4.2  Horizontal  Tail 


The  horizontal  tail  lift  and  drag  coefficients  are  obtained 
from  a linear  representation  of  the  data  of  Reference  1. 


"HT 


— Ct 


'HT 


+ Ct 


■'HB 


(4.19) 


where  the  effective  horizontal  tail  angle  of  attack  and 

Cj^gB  accounts  for  the  slight  reduction  in  tail  effectiveness 

that  occurs  with  sideslip.  The  effective  horizontal  tail  angle 
of  attack  is 

“egT  ~ ^HT  (^'ht/^'ht^  “ ^ ■*”'^HT  *^e  (4.20) 

where  6^  is  the  elevator  angle 
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■^HT 


is  the  elevator  effectiveness 


e is  the  wing-on-tail  downwash  angle 


and 


Wht  ' 


^HT 


W 

HT 


are  obtained  from 


= W ” V . S in  i - 
HT  iHT  N 


(4.21) 


°HT 


' “hT  ’"iHT 


(4.22) 


where  v^^^  is  the  rotor-on-tail  downwash  velocity 


This 


velocitfL  a anfairlptld 

^®simpireqSti“®rSpreseats  the  variation  of  and  rt  is, 

therefore,  obtained  from  tables. 

The  wing  downwash  angle,  = , is  a function  of  nacelle  angle  and 
™Ip  deflection.  The  math  model  representation  is 

de 


^ da 


(“w  " '^AC 


W/U^)  (1-GEF)  /l-M^ 


(4.23) 


where 

||  = fs  5) 

aj  is  the  wing  mean  angle  of  attack 

Vr 

I is  the  distance  from  tail  c/4  to  wing  c/4 
AC 

GEF  is  the  ground  effect  factor 

and  is  a correction  for  Mach  number,  ^he  data  of 

Re?erenL  1 was  curve  fitted  to  yield  equations  for  and 

de/da 

4 a 2 


, = f,  (I„f)=2.55  -.0303  V4.56xl0-Ha  t.  06736-3 . 609x10'^  6 

^0  4 N 

^ = fc(lN/'5)  = 0.317+.00078lN  +1 . 008x10"^  | 6 1 -5 . 567x10  ^6 

da  ^ 


FOR  aw  > 16°,  e = e@i6  (1- (a-16) /12) 
ow  <-16°,  e = e@_i6 
\^\  > 28°  e = o 


(4.24) 


4-5 


D210-11161-1 


Figure  4.4  shows  the  results  of 
the  data  of  Reference  1. 


equations  4,24  compared  with 


4.3  Vertical  Tails 


and  right  vertical  tails  are  treated  separately.  The 
rotor-on-tail  interference  velocity  is  calculated  from 

^iHT  _ 

V. 


'iVT 


:r.  1 


(4.25) 


where  Vin-p  is  the  rotor-on-tail  downwash  velocity  and  v-  is  the 
mean  induced  velocity  at  the  rotor  discs.  This  velocity  is 
lettdlTlllt  components  chordwise  and  spanwise  at  the 


^iVT 


= ^ivT  Cos 


"N 


(4.26) 


W. 

^iVT 


^iVT 


(4.27) 


These  components  are  then  added  to  the  inertial  velocity 
components  and  the  resultant  vertical  tail  angles  of  attack 

The  'vertical  tail  lift  and  drag  Ire  tSen  computed 
from  a linearized  representation  of  the  data  of  Reference^!? 

4 . 3 Ground  Effects 


effects  of  operating  near  the  ground  on  the  wing  and  tail 
represented  in  the  model.  The  proximity  of 
the  ground  increases  the  wing  and  tail  lift-curve  slopes  and 
reduces  the  wing-on-tail  downwash.  The  change  in  lift-curve 
obSiJ^S  1=  distance  from  the  ground  was 


Ae  ^ + 4 (h-H)  ^ 

e b-^  + 4 (h+H)  ^ (4.28) 

^bere  b is  the  wing  of  span 

h is  the  tail  root  quarter  chord  height 
above  the  ground 

and  H is  the  wing  root  quarter  chord  height 
above  the  ground. 
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FUSELAGE  ANGLE  OF  ATTACK  OR  SIDESLIP^  DEG 


Figure  4.1  Correlation  of  Fuselage  Lift 
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Figure  4.2 


Correlation  of  Fuselage  Drag 
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Figure  4.3  Correlation  of  Fuselage  Pitching  Moment, 
Yawing  Moment  and  Side  Force  Data 


4-9 


D210-11161-1 


Figure  4.4  Correlation  of  Wing  Downwash 
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Figure  4.5  Correlation  of  Wing-Nacelle  Drag 
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5.0  ROTOR  AERODYNAMICS 


The  mathematical  representation  of  the  forces  and  moments  gene- 
rated by  the  26-foot  hingeless  rotors  is  presented.  The  forces 
and  moments  are  expressed  in  equation  form  as  functions  of  the 
nondimensional  flight  parameters  e.g.  y,  a,  Cip.  The  equations 
were  obtained  from  a regression  analysis  of  full-scale  wind 
tunnel  test  data.  Where  test  data  was  not  available,  for 
example  at  high  cruise  speeds,  supplementary  data  was  obtained 
by  calculation. 

The  resulting  equations  permit  the  rapid  computation  of  thrust, 
power,  normal  force,  side  force  and  pitching  moment  in  real 
time.  Without  the  equations,  the  only  alternative  would  be  a 
large  table  look-up  and  interpolation  procedure  that  would 
adversely  affect  simulation  time-frame.  Calculation  of  the 
forces  and  moments  by  rotor  performance  programs  on-line  in 
real-time  is  not  feasible  because  of  the  complexity  required 
to  treat  flap-lag  coupling  of  soft-in-plane  hingeless  rotors. 

The  accuracy  of  the  equations  is  demonstrated  by  a series  of 
correlations  with  test  data  presented  in  Figures  5.2  through 
5,17.  Agreement  is  acceptable  for  preliminary  simulation. 


5.1  Sign  Convention 

The  sign  convention  for  rotor  forces  and  moments  is  defined  in 
Figure  5.1,  which  shows  the  rotors  under  combined  pitch 
^“T.L.  = % '^F^  sideslip  0.  The  resultant  rotor  angle 

of  attack  is  given  by 


a = cos 
R 


(cos  a cos  3) 

T.L. 


and  the  rotor  disc  "sideslip”  angle  is 
H [Sin  Ut.l.J 

The  resulting  rotor  forces  and  moments  are  defined  with  respect 
to  the  plane  containing  the  resultant  rotor  angle  of  attack 
e.g.  normal  force  lies  in  this  plane  while  rotor  side  force  is 
perpendicular  to  it. 

5.2  Isolated  Rotor  Aerodynamics 

The  equations  used  to  represent  the  isolated  rotor  aerodynamics 
are  presented  below.  The  equations  are  used  to  compute  the 
rotor  wind-axes  forces  which  are  then  resolved  through  the 
rotor  sideslip  angle  into  nacelle  axes  and  hence  transferred 
to  aircraft  body  axes  for  use  in  the  equations  of  motion. 
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5.2.1  Thrust  Vs  675 


Ths  thrust  produced  by  the  rotor  at  any  flight  condition  is 
obtained  from  the  following  equations 

4,  = 6^5  - tan“^j\£0|_2Lj-  6.3015y  + S.SSlSy^ 

- 8 y sin  a + 1.8  (1) 


and  C51  is  given  by 

Cm  = 0.000679  4)  + 0.000015  <|)^ 

^ (2) 

+ 0.0022  y(|)  + 0.000211  y^(|) 

5.2.2  Thrust  Vs  Power 

Once  thrust  has  been  established  the  power  coefficient  is 
given  by 

Cp  = .00015  + .795  + y (.00005+. 000843y  + .910  C^) 

I ^1 

+ y I 0.00674-.0146y  - (3.4-8y)C^]  3^  (3) 

+ (( .08756-2. 18y)  -.00043488]  y sin  a 


5.2.3  Normal  Force 

Normal  force  is  obtained  as  the  sum  of  three  terms 

Cnf  = F(y,a,CT)  + ^^NF  A,  + ^^NF  B,  (4) 

3Ai  3Bl 

where  the  cyclic  pitch  derivatives  are  functions  of  a,  y,  and 

In  performing  the  analysis  the  cyclic  derivatives  were  first 
defined  as: 

^ 0.00002175  + 0.0014483y*  - 0.0000734y 
3Ai  (5) 

- 0.0006y  sin  2a  + 0.00425  Cj 

and 

^^NF  = 0.0000425  - 0.0010492y  - 0.0017028y^ 

3B;, 

+ 0.0017892y  sin  a - 0.0245  Crp 
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The  following  expressions  may  be  used  to  calculate  normal 
force  with  zero  cyclic  pitch.  ^uxare  normal 


For  0 < y < 0 . 6 


Cnf  = Cjgp^  = 0.089y^  sin  2a  + l0.172753yC.p 

+ 73.444  yC^2  0<y<0.6  (7) 

where  K = sin  a for  a > 20® 

and  K = sin  a(10— 0.45a°)  for  0 < a < 20 

For  0.6  < y 


Cnf  = (Cnfi)  (l-0.8(y-0.6)) 

5.2.4  Side  Force 

force^°^*^^  defined  in  a similar  manner  to  normal 
Csp  = F ( y , C.p , a)  + Ai  + ^^SF  g 

where  the  cyclic  derivatives  are  given  by: 

^ -0.0000425  + 0.0010492y  + 0.0017028y^ 
+ 0,0245  Cj  - 0.001735  y sin  a 

and 

3 C 

~ 0.00002175  + 0.00l4483y^  - 0.0000734y 
+ 0.00425  - 0.00067758  y sin  2a 


(8) 


(9) 


(10) 


(11) 


The  side  force  at 
equations : 


zero  cyclic  is  given  by  the  following 


where 

and 


^SF  ^ 0.00566  y sin  a - 0.0037249  y (ajy^)  ^ 


+ 0.016  y sin  a C^(90-<f>-)  + 2.830  y’sin  a Cr 


/2 


1/2 


> it/2;  a = TT-a 


(12) 

(13) 

(14) 
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5.2.5  Hub  Pitching  Moment 


Pitching  moment  is  computed  in  the  same  manner  as  normal  force 
and  side  force . 


y,  RPM, 


Cij,)  + 


9<^PM 

3A^ 


acpM 

3Bi 


9C 

W 


PM 


(15) 


where  the  cyclic  pitch  derivatives  are  functions  of  a,  y,  RPM 
and  Crp. 


^*^PM  = 0.0002094  + 0.00lll967y 

3Ai 

- 0.00072556y^  - 0.00000764y  (RPM-386) 

(16) 

+ 0.00036524  sin  2a  + 0.0020 


and 


9C 


9B 


-0.000111245  + 0.0000729y 


(17) 


F=C 


+0.0004375y^  -0.0025 
-0.00000713y  (RPM-386) 

+0.00063045y  sin  a 

= 0.012857  y sin  a -0.014163y^  sin  a 

PMq 

^ PPM 

+ 0.0036344  y sin  2a  - 0.0074613y  sin  a (18) 

+ ^^PM 


^^PM  = y (-.393141x10"^  + . 201377xl0"^a 


9Cr 


-4 


(19) 


-.220903  X 10  ‘a^) 

+ y2  ( .120036+. 634542xl0"2a  +.799823  xlO'^a^) 

+ yM-.141322-. 170706  x lO'^a  - . 61104xl0"3a^ 


5.2.6  Hub  Yawing  Moment 

The  yawing  moment  derivatives  due  to  cyclic  pitch  are  similar 
to  the  pitching  moment  derivatives  and  are  given  by 
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— ±£l  = -0.000111245  + 0.0000792  y (20) 

9Aj 

0.0004375  y2_o,oo25 
-0.00000713  y (RPM-386) 

+0.0005  y sin  a 

and 

SCyjj 

33^  = -0.0002094  -0.00111967.  y 

+0.00072556  y^  + 0.00000764  y (RPM-386)  (21) 

-0.002  Crj,  - 0.0004702  y sin  2a 


The  yaw  moment  at  zero  cyclic  pitch  is  given  by  the  following 
equations 


for 


and 


0 £ y £ 0. 37 

^YM  ~ (0.023736  y -0.0010)y  sin  a -1.6  y*  sin  a 

+ [0. 00816  - 0.003366  y -0.006303[H^  -l]||||^-l] 

for  y > 0.37  Jl  I 

Cym  = (0.02476-0.19798  (y-0.7024)^)  gin  a 

r RPM 

-1.6  y^  Ct  sin  a + y .00816-. 003366y  -. 006303 


(22) 
y sin  a 


(23) 


5.2.7  Pitching  Moment  due  to  Pitch  Rate 

-1000  = 1.5  + 0 < y < .2 

dQ  - - 


= 0.25  + 7.26  y .2  < y < .39 
= 4.1681  -2.79  y y > .39 


5.2.8  Yawing  Moment  due  to  Yaw  Rate 

*^^YM  = - ^^PM 

3E  dQ 
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5.3  Rotor/Rotor  Interference 

A procedure  for  calculating  rotor-on-rotor  interference  effects 
is  included  in  the  mathematical  model.  Rotor-on-rotor  inter- 
ference arises  during  sideward  flight  at  low  airspeeds  with 
the  rotors  up  and,  to  a lesser  extent,  during  slipped  flight 
in  the  transition  configurations.  The  basis  for  the  method  is 
as  follows. 


The  above  sketch  depicts  the  tilt  rotor  aircraft  flying  side- 
wards at  low  speed.  The  wake  of  the  upwind  rotor  interferes 
with  the  inflow  to  the  downwind  rotor  producing  a change  in 
this  rotor's  forces  and  moments. 

Reference  5 presents  calculated  values  of  the  normal  component 
of  the  induced  velocity  near  a rotor  having  a triangular  disc 
loading,  for  different  wake  skew  angles,  x*  This  data  was  used 
to  compute  an  interference  velocity  at  the  downwind  rotor.  The 
resulting  rotor  angle  of  attack  was  used  in  the  calculation  of 
the  forces  and  moments . The  rotor/rotor  interference  effect 
is  washed  out  with  nacelle  angle  and  sideslip  angle  so  that 
there  is  no  interference  at  the  high  end  of  transition  and  in 
cruise.  The  equations  used  to  calculate  interference  are  pre- 
sented in  Appendix  E under  the  rotor/rotor  interference  section. 
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5*4  Accuracy  of  the  Rotor  Ecfuatlons 

Figures  5.2  through  5.17  present  correlations  of  the  predic- 
tions of  the  rotor  equations  with  test  data  obtained  from 
full-scale  tests  conducted  in  the  Ames  40'x80»  wind  tunnel  and 
reported  in  Reference  4.  While  the  correlation  appears 
reasonable,  the  data  on  which  it  is  based  is  limited  in  scope. 

In  order  to  broaden  the  data  base,  tests  were  recently  con- 

^ 1/4-622  Froude  scale  Boeing  tilt  rotor  model  under 
NASA  Contract  NAS2-9015.  This  test  generated  sufficient  ex- 
perimental data  to  define  the  hingeless  rotor  characteristics 
over  the  entire  range  of  flight  speeds  expected  of  the  XV-15 
aircraft.  Unfortunately  the  results  were  not  available  in 
time  to  update  the  rotor  math  model  equations.  This  step  is, 
however,  being  proposed  in  the  near  future. 

Nevertheless,  some  of  the  elements  of  the  test  data  have  been 
correlated  with  the  40'x80'  full-scale  data  and  with  the  mllh 
model  equations  in  order  to  check  the  fidelity  of  the  existing 
equations  and  to  assess  scale  effects  between  the  sets  of  tests. 

Figures  5.18  through  5.20  present  rotor  normal  force  due  to  Ai 
cyclic  pitch.  The  derivative  is  overpredicted  by  the  math 
model  in  hover,  but  improves  at  45,  100  and  140  knots  over  the 
operational  range  of  angle  of  attack.  Figures  5.21  through 
5.23  show  the  normal  force  response  to  Bi  cyclic.  The  effect 
is  underpredicted  at  hover,  45  knots,  and  100  knots  at  high 
nacelle  angles.  At  140  knots  a greement  is  satisfactory.  In 

of  attack  the  math  model  equations 

fit  the  data  reasonably  well. 

pitching  moment  is  presented  in 

Figures  5.24  through  5.26.  The  math  model  equations  generally 
underpredict  the  effect  at  all  speeds,  the  error  increasing 
with  rotor  angle  of  attack.  ^ 

The  above  discussion  is  intended  to  show  that  the  rotor  re- 
presentation employed  in  the  current  simulation  is  reasonably 
adequate  for  a preliminary  assessment  of  the  flying  qualities 
and  performance  of  the  hingeless  rotor  XV-15.  It  also  serves 
to  emphasize  the  need  for  a thorough  revision  of  the  analytical 
representation  based  on  the  more  extensive  data  now  available. 


Additional  wind  tunnel  testing  is  also  required  to  define  the 
performance  of  the  rotor  at  low  power  levels  and  in  steep 
helicopter  descents,  and  in  autorotation.  At  present  the  rotor 
performance  in  these  modes  is  obtained  from  the  rotor  equations 
which  are  based  on  test  data  that  do  not  include  these  regions . 
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5.5  Winq-on-Rotor  Upwash 

The  presence  of  a lifting  wing  generates  an  upwash  field  at  the 
rotor  disc  plane  which  changes  the  rotor  forces.  This  effect 
is  evident  from  Figure  5.27  which  shows  the  derivative  of 
normal  force  with  angle  of  attack  and  the  derivative  of  side 
force  with  yaw  angle.  For  an  isolated  rotor  these  derivatives 

would  be  identical.  The  equations  used  in  the  simulation 
math  model  contain  this  effect  implicitly.  However,  more 
analysis  is  required  to  account  for  wing  upwash  in  an  expli- 
cit manner  that  will  permit  treatment  of  the  effects  of  changes 
in  flap  setting  on  the  wing  lift  and  hence  the  upwash  field  at 
the  rotors . 

5. 6 Blade  Loads  and  Aircraft  Flight  Boundaries 

The  success  of  the  tilt  rotor  aircraft  concept  depends  to  a 
large  extent  on  the  ability  of  the  designer  to  provide  a 
simple,  reliable  control  system  that  will  ensure  adequate  con- 
trol effectiveness  while  maintaining  low  alternating  loads  on 
fatigue-critical  elements.  In  the  controls  design  phase  it  is 
essential  therefore  that  a means  exists  for  estimating  alter- 
nating loads  on  these  elements.  The  most  important  fatigue- 
sensitive  elements  are  the  rotors  whose  loads  tolerance  defines 
the  safety,  maneuverability,  and  flight  boundaries  of  the  air- 
craft. 

In  order  to  design  the  control  system  for  the  hingeless  rotor 
XV-15,  an  equation  was  developed  to  calculate  blade  loads. 

This  equation  and  the  impact  of  blade  loads  on  the  aircraft 
control  system  design  is  discussed  in  Appendix  G. 

5 . 7 Ground  Effect 

The.  effects  of  operating  near  the  ground  on  the  rotors  are  in- 
cluded in  this  model.  Ground  effects  on  the  rotor  are  diffi- 
cult to  predict  analytically,  especially  in  forward  flight. 

Wind  tunnel  test  data  for  the  Boeing  Model  160  powered  model, 
Reference  6,  was  plotted  as  a thrust  ratio  versus  effective 
rotor  height/diameter  ratio,  for  two  rotor  advance  ratios. 

This  data,  shown  in  Figure  5.28  was  curve  fitted  and  linearly 
interpolated  for  advance  ratio. 

The  equation  for  the  effective  rotor  height  to  dimeter  ratio 
(h/D)2FF  derived  by  dividing  the  rotor  hub  height  by 

[sin(e+ijj)  cos  <()].  This  yields  the  rotor  height  along  the 

shaft.  For  the  cruise  condition  the  hub  height  is  infinite, 
(h/D)2FF  infinite  and  the  augmentation  ratio  due  to  ground 

effect  is  unity. 
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FIGURE  5.2  COMPARISON  OF  MATH  MODEL  VALUES  OF  THRUST 
COEFFICIENT  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5 . 3 COMPARISOn  OF  I4ATK  MODEL  COEFFICIEIITS  OF  THRUST 
VERSUS  POWER  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.4  CORRELATION  OF  MATH  MODEL  REPRESENTATION  OF 
aCjjp/aBiQ  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.6  COMPARISON  OF  MATH  MODEL  VALUES  OF  3Cjjp/3AiQ 
III  HOVER  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.7  COMPARISON  OF  MATH  MODEL  SENSITIVITIES  OF 
NORMAL  FORCE  COEFFICIENT  WITH  RESPECT  TO 
THRUST  COEFFICIENT  AND  FULL  SCALE  TEST  DATA 
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FIGURE  5.9  CORRELATIOI]  OF  MATH  MODEL  REPRESENTATION  OF 
3Cgp/3B^  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.10  COMPARISOII  OF  MATH  MODEL 

3Csf/3Bi  TRE’IDS  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.13  CORRELATION  OF  MATH  MODEL  REPRESENTATION  OF 
3Cj4/8Bi  WITH  FULL  SCALE  TEST  DATA 
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FIGURE  5.17  MATH  MODEL  AND  TEST  DATA  COMPARISON  OF  YAW 
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NORMAL  FORCE  DUE  TO  CYCLIC  PITCH 
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FIGURE  5.18  MATH  MODEL  PREDICTIONS  COMPARED  WITH  40'  X 80' 
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3Cj^/3Ai 


100  KTS 


5-26 


D210-11161-1 


NORMAL  FORCE  DUE  TO  CYCLIC  PITCH 

3CN/3^^ 

OLEFT  rotor  □ right  rotor  ®40'x80'  data  MATH  MODEL 

A SIDE  FORCE  DATA 
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FIGURE  5.20  flATH  MODEL  PREDICTIONS  COMPARED  WITH  40'  X 80' 
FULL  SCALE  AND  1/4.622  MODEL  SCALE  TEST  DATA  - 

3Cjj/3Ai 
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NORMAL  FORCE  DUE  TO  CYCLIC  PITCH  8CN/3 


B- 


O left  rotor  □ right  rotor  #40’x80'  data  math  model 
HOVER  45  KNOTS 


-.0002 

3CN/3b 


— o — 

-A 

ANGLE  OF  ATTACK  (DEGS) 


100  KNOTS 


FIGURE  5 21  MATH  MODEL  PREDICTIONS  COMPARED  WITH  40'  X 80’ 
FULL  SCALE  AND  1/4.622  MODEL  SCALE  TEST  DATA  - 

3Cj^/3Bi 
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HUB  PITCH  MOMENT  DUE  TO  CYCLIC  PITCH  3CPM/3Bj^ 
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FIGURE  5.24  MATH  MODEL  PREDICTIONS  COMPARED  WITH  40'  X 80' 
FULL  SCALE  AND  1/4.622  MODEL  SCALE  TEST  DATA  - 
3Cj4/3B]_ 
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HUB  PITCH  MOMENT  DUE  TO  CYCLIC  PITCH  3CPM/3 

O LEFT  ROTOR  PITCH  DATA 
□ RIGHT  ROTOR  PITCH  DATA 

O LEFT  ROTOR  YAW  DATA 
A RIGHT  ROTOR  YAW  DATA 
® 40'x80'  DATA 
MATH  MODEL 


ROTOR  ANGLE  OF  ATTACK  = 0° 


FIGURE  5.26 


MATH  MODEL  PREDICTIONS  COMPARED  WITH  40'  X 80' 
FULL  SCALE  AIJD  1/4.622  MODEL  SCALE  TEST  DATA  - 
3C„/3B3_ 
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CRUISE  DATA 


□ NORMAL  FORCE  DATA 
A SIDE  FORCE  DATA 
• 40'x80'  DATA 


FIGURE  5.27  EFFECT  OF  WING-ROTOR  INTERFERENCE  OH 
ROTOR  NORMAL  FORCE 
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6 . 0  CONTROL  SYSTEM 


Control  of  the  HRXV-15  tilt  rotor  aircraft  is  accomplished  by 
means  of  rotor  and  fixed-wing  controls  with  the  I’Otor  controls 
phasing  out  during  conversion  to  airplane  flight.  The  rotor 
controls  consist  of  longitudinal  and  lateral  cyclic  and  differ 
ential  collective.  The  airplane  controls  are  differential 
flaperon  deflection  (ailerons),  flaps,  elevator  and  rudder. 

The  airplane  controls  are  operative  during  all  phases  of  flight 
from  hover  to  high  speed  cruise.  Rotor  cyclic  inputs  are  re- 
tained beyond  transition  in  order  to  reduce  blade  loads  and 
provide  high  fatigue  life.  This  is  discussed  in  Section  11.0. 

Cockpit  controls  consist  of  a lateral/longitudinal  control 
stick  and  rudder  pedals;  a central  throttle  lever  controls 
(via  the  governor)  engine  power  and  collective  in  hover  and 
early  transition.  At  the  high  speed  end  of  transition  and 
throughout  cruise,  movement  of  the  throttle  co^ands  only 
engine  power  setting  as  in  a conventional  airplane. 
incidence  is  controlled  by  a beep  switch  on  the  throt  le  ev 
Flaps  are  selected  via  a flap  lever  operating  through  detents. 
Control  stick  and  rudder  trim  is  provided  by  hat  switches  on 
the  stick.  Trim  rates  are  varied  with  dynamic  pressure  so  as 
to  maintain  sensitivity  at  all  speeds.  A magnetic  brake  is 
incorporated  for  force  zeroing.  Page  E-7  and  E-8  of  Appendi.. 

E present  schematics  of  the  overall  control  system  layout. 

6.1  Longitudinal  Control 

Longitudinal  control  in  hover  is  by  longitudinal  cyclic  pitch. 
This  is  chased  out  as  the  nacelles  are  tilted  fo^ard 
becomes  zero  in  cruise.  The  elevator  provides  pitch  control 
in  airplane  flight.  Elevator  angle  is  scheduled  through  tran- 
sition to  minimize  trimmed  stick  travel. 

6.2  Lateral-Directional  Control 

In  hover,  roll  control  is  accomplished  by  differential  collec- 
tive (thrust)  and  yaw  control  by  differential  longitudinal 
cyclic  (thrust  vectoring).  Differential  engine  power  accom- 
panies differential  collective  in  order  to  ensure  roll  control 
in  the  event  of  cross  shaft  failure  and  also  to  minimize  cr 

shaft  torque . 

AS  transition  proceeds  from  hover  to  airplane 
ailerons  and  rudder  become  more  effective 

collective  and  differential  longitudinal  cyclic  control  gains 
are  scheduled  out  with  nacelle  incidence.  A small  amount  of 
differential  collective  is  retained  in  cruise  to  provide 
favorable  yaw  with  aileron  deflection. 


6-1 


D210-11161-1 

6. 3 Thrust/Collective  Control 

In  hover,  forward  motion  of  the  throttle  lever  commands  both 
ij^creased  collective  pitch  and  increased  engine  power.  The 
governor  makes  fine  adjustments  to  the  collective  to  maintain 
rpm.  Over-travel  of  the  pilot's  throttle  lever  beyond  the 
position  for  maximum  power  shuts  down  the  governor  and  leaves 
the  collective  pitch  connected  directly  with  the  throttle  lever 
as  in  a helicopter.  This  feature  gives  a collective  pitch 
flare  landing  capability  in  emergencies. 

During  transition,  rotor  collective  pitch  is  scheduled  with 
nacelle  angle,  thereby  minimizing  the  amount  of  adjustment 
required  from  the  governor.  The  collective  authority  of  the 
throttle  lever  is  also  reduced  with  decreasing  nacelle  angle 

cruise,  movement  of  the  throttle  commands  only  engine 
power.  Rotor  rpm  is  maintained  by  the  governor  via  blade  pitch. 

6.4  Force  Feel  System 

The  force  sensitivities  (force  per  unit  displacement)  of  the 
® stick  and  pedals  are  varied  as  a function  of  dynamic 
pressure  in  order  to  prevent  excessive  control  sensitivities 
high  speeds.  The  force  gradients  were  selected  to  provide 
a constant  stick- force-per-g  characteristic  and  good  harmony 
between  longitudinal  and  lateral  controls.  Control  breakout 
forces  and  gradients  are  given  in  Appendix  F. 

6.5  Stability  Augmentation  Systems 

Stability  augmentation  systems  (SAS)  are  provided  to  enhance 
aircraft  flying  qualities.  The  systems  consist  of  longitudinal, 
lateral  and  directional  SAS.  The  system  block  diagrams  are 
given  in  Appendix  E. 

The  longitudinal  (pitch)  SAS  incorporates  a pitch  rate  feedback 
and  a longitudinal  stick  pickoff.  In  addition,  a pitch  atti- 
tude signal  is  used  to  provide  attitude  stabilization  without 
an  autopilot.  An  autopilot  is  not  represented  in  this  simu- 
i^'tion.  The  signals  are  shaped  and  put  through  an  authority 
limit.  The  SAS  actuators  introduce  control  motions  in  series 
with  the  pilot's  stick  inputs.  The  longitudinal  SAS  commands 
longitudinal  cyclic  pitch  to  provide  the  required  damping  in 
hover  and  transition.  This  is  not  required  in  cruise  and  is 
phased  out  at  175  knots. 


The  lateral  (roll)  SAS  operates  in  all  flight  modes.  It  con- 
sists of  roll  rate  feedback  for  increased  roll  damping,  a roll 
attitude  feedback  to  give  roll  attitude  stability,  and  a 
i^heral  stick  pickoff.  Roll  attitude  retention  is  provided 
when  the  stick  is  centered.  In  addition,  a sideslip  feedback 
is  incorporated  to  compensate  for  dihedral  effect.  Roll  SAS 
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coiranands  are  added  in  series  with  the  pilot's  stick. 


The  directional  (yaw)  SAS  operates  throughout  the  flight 
envelope.  The  yaw  channel  consists  of  yaw  rate  feedback  for 
increased  directional  damping  in  hover  and  transition,  yaw 
attitude  feedback  for  yaw  stability,  and  rudder  pedal  pickoff 
for  quickening.  A heading -hold  feature  is  provxded  when  the 
rudder  pedals  are  centered.  A turn  coordination  feature 
enables  pedal-free  turns  to  be  made  down  to  about  50  knots. 
The  yaw  SAS  command  is  input  to  the  control  system  as  inches 
of  equivalent  rudder  pedal. 

6 . 6 Thrust  Management  System  (Governor) 

The  thrust  and  power  management  system  for  a tilt  rotor  air- 
craft must  be  compatible  with  both  the  helicopter  and 
plane  configurations.  Thrust  control  for  the  hover  task,  rpm 
control,  gust  response  (especially  in  the  cruise  flight 
regime),  and  effect  on  aircraft  flying  qualities  must  all  be 
considered.  For  a tilt  rotor  aircraft  it  is  desirable  from 
a practical  viewpoint  to  have  one  type  of  governing  for  both 
the  helicopter  and  fixed-wing  flight  regimes.  Collective 
pitch  governing  offers  the  following  advantages: 

o It  is  more  readily  adapted  to  the  hover  flight 
regime  than  the  fuel  governor  is  to  cruise 

o It  has  better  gust  response  characteristics 

o It  is  fast  acting  and  has  high  accuracy 

o Thrust  response  to  pilot  control  can  be  easily 
shaped  with  feed  forward  loops 

o It  has  been  demonstrated  successfully  in  hover, 
transition  and  cruise  in  the  CL— 84  aircraft 


With  collective  pitch  governing  there  are  two  areas  in 
thrust  management  system  to  be  considered:  (D  design  of  tne 

collective  pitch  governor?  and  (2)  the  feed  forward  ^ 

shaping  pilot  thrust  control.  The  block  diagram  for  this  sys 
tern  is  shown  in  Appendix  E. 

The  governor  was  designed  to  meet  the  following  objectives: 

(1)  0.3  percent  steady  state  error  in  2.5  to  3 seconds;  (2) 

2 percent  rpm  overshoot;  and  (3)  satisfactory  effect  on 
craft  flyina  qualities  in  the  all-operational  mode  (i . e .,  all 
aircraft  components  operational  and  performing  as  designed) . 

A single  governor  reference  that  uses  the  rpm  signals  from  e 
rotor  and  averages  them,  satisfies  the  design  criteria, 
achieve  the  required  accuracy  and  transient  response  goals , 
integral  as  well  as  proportional  feedback  of  rpm  is  necessary 
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in  both  the  hover  and  cruise  regimes.  Governor  gain  is 
scheduled  with  nacelle  incidence  to  maintain  a near  ootimum 
level  of  governing  throughout  the  flight  envelope.  G^ins  are 
varxed  linearly  as  the  rotor  rpm  is  changed  from  hover  to 
cruxse.  The  second  requirement  of  the  governor  system  is 
shapxng  the  rotor  thrust  output  for  a pilot  throttle  inout. 
Consxderatxons  in  determining  the  proper  shaping  include: 

(1)  throttle  sensitivity 

(2)  time  constant  to  reach  63%  of  steady-state  thrust 

(3)  allowable  thrust  overshoot 

Variable  pilot's  control  sensitivity  is  employed  to  give  the 
optxmum  sensitivity  in  the  hover  power  range  yet  maintain  full 
power  control  within  a reasonable  throttle  throw  (8  inches) . 
Shapxng  of  the  pilot  command  with  collective  quickening  is 
used  to  improve  the  thrust  time  constant  and  thrust  response 
transxent  shaping  so  that  the  pilot  may  oerform  the  orecision 
hover  task  wxth  a minimum  of  difficulty.  In  the  cruise  regime, 
shapxng  of  the  thrust  output  is  unnecessary  and  is  phased  out 
durxng  transition. 

The  thrust/collective  pitch  control  system  is  designed  in  such 
a manner  that,  during  hover,  when  the  pilot  moves  his  control, 
he  co^ands  both  a change  in  engine  fuel  setting  and  a change 
xn  collectxve  setting.  The  governor  then  operates  with  a time 
lag  to  trxm  the  collective  to  the  value  required  to  maintain 
rpm.  The  mechanical  collective  change  feature  is  washed  out 
as  a flection  of  nacelle  incidence  so  that  when  nacelle  inci- 
dence xs  decreased  to  zero,  the  pilot  commands  only  engine  fuel. 
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This  section  describes  the  representation  of  engine  perfor 
mance  and  dynamics.  The  basic  engine  cycle  performance  data 
consists  of  tabulated  values  of  four  variables:  power,  fuel 

flow,  gas  generator  shaft  rpm,  and  power  turbine  shaft  rpm. 
These  parameters  are  a function  of  Mach  number  and  turbine 
inlet  temperature.  All  data  are  in  referred,  normalized  for- 
mat  as  shown  in  Table  7.1.  Because  of  the  normalized,  referred 
format,  all  data  are  valid  for  any  ambient  conditions.  The 
effects  on  engine  performance  of  operating  at  non-optimi^  power 
turbine  speed  are  included  in  the  model.  The  referred  fomat 
also  facilitates  the  inclusion  of  engine  thermodynamic  and 
mechanical  limits.  Limitations  on  engine  cycle  operation  may 
be  input  in  any  combination  of  the  following:  fuel  flow, 

torque,  gas  generator  speed,  gas  generator  referred  rpm  or  ou 
put  shaft  speed.  The  flow  charts  which  describe  this  routine 
mathematically  are  shown  in  Appendix  E,  and  the  performance 
data  in  Appendix  F. 

A simplified  model  of  the  Lycoming  T53-L-13B  engine  was  used 
in  the  tilt  rotor  mathematical  model.  The  model  basically 
consists  of  two  first-order  lags  in  series  with  variable  time 
constants  and  gains.  The  output  of  the  model  is  rate-limited 
to  reflect  actual  engine  performance.  This  simplified  model 
qives  satisfactory  results  for  both  large  and  small  pov/er 
transients.  The  block  diagram  for  this  system  is  shown  as  part 
of  the  thrust  management  system  block  diagram  shown  in  Appendix 

E. 


TABLE  7.1  ENGII-7E  CYCLE  DATA  FORI-IAT 


VARIABLE 

SYllBOL 

REFERRED 
N0’'J1ALISED  FORM 

Thrust 

^N 

Power 

SHP 

SHP/6  SHP* 

Gas  Generator  rpm 

'^I 

N//~  N* 

Power  Turbine  rpm 

H 

H 

N//e”  N* 
II 

Fuel  Flow 

Wf 

Wf/6  /0“  F* 

VI f/ 6 SHP* 

Turbine  Inlet  Temp. 

T 

T/0 

Where;  * = Max.  Power  Setting,  static.  Sea  Level,  bra^uay 

e = Ambient  Temperature  (°R)  ^ 

S - Ambient  Pressure  (psia)  Divided  by  14. o96  psia 
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3.0  AIRFRAME  WEIGHT,  C.G.  AI'JD  INERTIAS 

In  the  derivation  of  the  basic  equations  of  motion,  the  air- 
craft was  divided  into  three  elements:  the  fuselage  of  mass 

m£ , the  wings  i and  the  tilting  nacelles  each  of  mass 

The  components  of  these  mass  elements  are: 

o Fuselage  Mass  Fuselage  and  contents 

Horizontal  tail  and  contents 
Vertical  tail  and  contents 
Crew  and  trapped  liquids 
Cargo 

o Wing  Mass  Vling  and  contents 

Fuel  carried  in  wing 
Fixed  nacelles/engines 

o Tilting  Nacelle  Mass  Tilting  nacelle/engines 

including  the  rotor  and 
hubs 


The  center  of  gravity  of  the  aircraft  with  respect  to  the  pivot 
reference  line  is  calculated  from 


"'CG 


^^f  + “^^w 

— + ^ — [Cos(i.jL-X) 


+ Cos  (ijjj^-X)  ] 


^CG  ==  in 


Z ^ [Sin(iijL-X)  + Sin(iT4R-X)] 


where  the  distances  if,  l\j , I,  and  the  angle  X are  defined  in 
the  sketch  below. 

In  the  present  simulation  a weight  and  CG  breakdown  by  com- 
ponents was  not  available  so  values  of  m^,  if,  m^^  etc.  were 
chosen  so  that  the  CG  calculated  from  the  above  equations  agreed 
with  the  centers  of  gravity  at  design  gross  weight  5896  Kg 
(13000  Lbs)  as  quoted  in  Reference  1. 

The  aircraft  inertias  were  obtained  from  Reference  1.  The 
variation  of  inertia  with  nacelle  tilt  is  given  by 


— 

^xx 

^xxo 

+ 

^<Il 

in 

H 

It 

lyyO 

+ 

in 

^zz 

^zzo 

+ 

in 

^xz  “ 

^xzo 

+ 

"^4 

in 
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The  stability  and  control  characteristics  of  airplanes  may  be 
significantly  influenced  by  distortions  of  the  structure  under 
transient  loading  conditions.  A simplified  representation 
of  wing  elastic  distortion  was  therefore  developed  that  could 
be  used  to  study  these  effects. 

Two  aeroelastic  degrees  of  freedom  are  included  in  the  tilt 
rotor  mathematical  model.  These  are  first  mode  wing  vertical 
bending  and  first  mode  wing  torsion.  The  assumptions  made  in 
deriving  the  wing  bending  and  torsion  relationships  are  as 
follows : 

o No  coupling  between  bending  and  torsion 
o Wings  are  cantilevered  from  fuselage 
o Elliptical  loading  for  rigid  untwisted  wing 
o Aerodynamic  loads  act  at  the  quarter  chord 
o Wing  elastic  axis  coincident  with  cross  shaft 
o Wing  center  of  mass  assijmed  to  be  on  the  elastic  axis 
o First  torsion  mode  linear 

The  equations  used  to  compute  bending  and  torsion  are  derived 
in  Appendix  A.  The  wing  twist  at  the  tip  is  calculated  from 
the  following  equation 


' “nact  - Nsij;aEl(r  Cos  i-,  + p sin  + Xjr] 


W w 

^AERO  " ^AERO  \lAC 


where 


CD 

ft 

is 

the 

0t 

is 

the 

^^ACT 

is 

the 

Ne 

is 

the 

Ie 

is 

the 

^E 

is 

the 

wing  torsional  spring  constant 

wing  twist  angle  in  degrees 

nacelle  actuator  moment 

number  of  engines  operating  at  the  tip 

engine  inertia  of  rotation 

engine  speed 
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r 

is 

P 

is 

Kl 

is 

K2 

is 

mW 

AERO 

is 

-zw 

AERO 

is 

^AC 

is 

Assuming  a linear  mode  shape  from  wing  tip  to  root  and  zero 
twist  at  the  root,  the  wing  elastic  twist  at  the  wing  aerody- 
ncimic  center  is  obtained.  This  incremental  twist  is  added  to 
the  rigid  body  twist  and  the  resulting  angle  used  in  the  wing 
aerodynamics  equations. 

The  equations  used  to  calculate  wing  vertical  bending  are : 


hi  = 0)^  (F  - hi)  - hi 

F = -K  2"'^'  - K - K + K 

L wl  AERO  w2  AERO  w3  AERO  w4  n 


- ^w5p 


where 


NjaC  “ ^6 

hi 


^w 

IV 

^AERO 

^AERO 

^AERO 


AERO 


/m 


* 

^1'  ^WAC  ^w6  ^1 
is  the  wing  tip  deflection 

is  the  first  bending  mode  natural  frequency 

is  the  first  bending  mode  vertical  damping 
fraction 

is  the  vertical  nacelle  aerodynamic  force 
is  the  vertical  wing  aerodynamic  force 
is  the  aerodynamic  torque  at  the  tip 
is  the  aircraft  normal  acceleration 
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is  the  roll  acceleration 


and  K„1  through  K„5  are  constants 


These  equations  determine  the  wing  bending  modal  accelerations 
at  each  time  frame  using  current  values  of  the  aerodynamic 
loads.  Integration  yields  the  velocity  of  the  tip  and  the 
wing  aerodynamic  center.  These  velocities  are  then  added  to 
the  rigid  body  velocities  and  the  angle  of  attack  are  deter- 
mined . 
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10 . 0 ilATH  MODEL  CHECKOUT  AUD  VALIDATION 

This  section  presents  results  of  the  mathematical  model  check- 
out and  validation  phase  of  the  contract.  Validatxon  was  made 
by : 

(1)  Comparing  the  HKiV-15  airplane-less-rotors 
component  forces  and  moments  v/ith  data  from 
the  current  XV-15  Ames  simulation  math  model. 

(2)  Taking  stability  derivatives  and  comparing 
the  airframe  contributions  v/ith  pi^lished 
derivatives  from  the  Ames  simulation. 

The  force  and  moment  validation  was  accomplished  by  setting 
up  the  math  model  at  the  same  pitch  attitudes  and  contro^ 
settings  as  those  quoted  in  the  Ames  data.  Table  10.1 
presents  comparisons  at  160  and  260  KTS  in  the  axrplane  moce 
and  at  40  and  SO  KTS  in  the  helicopter  mode.  The  agreement 
between  the  two  math  models  is  generally  within  10%. 


Table  10.2  shows  comparisons  of  the  aircraft  stabxlxty 
vatives  at  40  and  80  knots  in  helicopter  flxght  and  at  16U 
knots  in  the  airplane  mode.  The  contributions  of  tne  axrframe 
and  rotors  to  the  total  are  shown  separately. 

The  comparisons  indicate  that  the  airframe  derivatives  are  in 
good  agreement  considering  the  different  structures  of  the 
math  models.  Ilotable  differences  appear  xn  tne  derxvatxves 
Yq  and,  to  a lesser  extent,  The  differences  are  attrxbuted 

to  the  way  in  which  the  angles  of  attack  at  the  vertical  fins 
are  comouted.  In  the  Boeing  model  the  angle  of  attack  and 
dynamic*  pressures  at  each  fin  are  computed 

in  the  model  of  Reference  1,  the  angle  of  attacx  seems  to  be 
computed  as  if  the  aircraft  had  a single  fxn  xn  tne  plane  of 
symmetry.  This  difference  in  treatment  results  xn  lower 
angles  of  attack  at  each  fin  (for  a given  roll  rate)  xn  the 
Boeing  model  and  hence  reduced  side  force. 
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11.0  AIRCRAFT  TRII4MED  FLIGHT  CHARACTERISTICS 
AND  BOUNDARIES 

This  section  presents  the  aircraft  trim  attitudes  and  control 
settings  both  in  level  flight  and  in  steady  turns  at  constant 
altitude  for  forward  and  aft  CG  conditions  at  design  gross 
weight  - 5896  Kg  (13,000  Lbs).  Data  is  also  presented  on 
blade  loads,  as  estimated  using  the  method  discussed  in  Appen- 
dix G.  Most  of  the  data  shown  was  obtained  at  sea  level  stan- 
dard conditions,  though  some  results  at  altitude  are  included. 
All  the  results  presented  were  obtained  with  the  preliminary 
cyclic-on-the-stick  and  stick-offset  schedules  as  determined 
by  the  parametric  study  described  in  Appendix  G.  It  should 
be  emphasized  that  the  trimmed  flight  characteristics  and 
boxindaries  presented  here  are  preliminary  only , since  many  of 
the  control  laws,  gains,  etc.  are  themselves  preliminary  and 
are  likely  to  change  as  a result  of  further  control  system 
(je'yeiopment  and  design  studies  on  the  Advanced  Iiingeless  Rotor 
XV-15  to  be  completed  in  1977. 

In  the  following  graphs  aft  CG  is  defined  to  be  at  level 

301.2”  (40.28%  MAC)  and  forward  CG  at  sea  level  291.7" 

(25.2%  MAC) . The  rotor  blade  cyclic  angles  quoted  are  the 
values  of  cyclic  in  the  rotor  wind-axes  system,  i.e.,  lateral 
cyclic  is  the  value  at  = 0°,  and  longitudinal  cyclic  the  value 
at  = 90°.  Wing  stall  is  defined  to  occur  at  a wing  angle 
of  attack  in  the  slipstream  of  13°.  This  value  is  the  angle 
of  wing  ^N  ~ and  flaps  set  at  40°. 

11.1  Steady  Level  Transition 

The  aircraft  trim  pitch  attitudes,  elevator  and  longitudinal 
stick  positions,  wing-in-slipstream  angle  of  attack  and  A^ 

and  Bi  cyclic  pitch  required,  are  presented  in  Figures  11.1 

through  11.10.  The  data  was  obtained  with  flaps  set  at  40° 
for  both  the  forward  and  aft  center  of  gravity  positions. 

The  variation  of  trimmed  fuselage  pitch  attitude  is  shown  in 
Figure  11.1  for  aft  CG  and  Figure  11.2  for  fom^^ard  CG.  The 
trimmed  pitch  attitudes  are  also  the  wing  angles  of  attack  on 
those  portions  of  the  wing  not  influenced  by  the  rotor  slip- 
stream. Pitch  angles  are  slightly  lower  for  the  forward  CG 
condition  at  high  nacelle  angles  and  low  airspeeds  while  at 
low  to  intermediate  nacelle  positions  and  higher  airspeeds 
the  trim  attitudes  tend  to  be  slightly  higher.  For  both 
loading  conditions  the  variations  are  smooth  and  continuous 
from  hover  to  cruise. 
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Figures  11.3  and  11.4  present  the  angles  of  attack  of  slip- 
®^^®^™“lnnner sed  portions  of  the  wing,  if  any  part  of  the  wing 
is,  in  fact,  immersed. 

At  high  nacelle  angles,  above  approximately  40  knots  airspeed, 
slipstream  does  not  impinge  on  the  wing  and  hence 
the  operating  wing  angle  of  attack  would  be  obtained  from 
^l^ures  11.1  and  11.2.  This  point  will  be  returned  to  later 
in  connection  with  wing  stall  boundaries. 

The  variation  of  elevator  deflection  with  airspeed  at  various 
nacelle  angles  is  shown  in  Figures  11.5  and  11*6.  The  values 
shown  are  the  total  elevator  deflection  ~ scheduled  elevator 
plus  pilot— command  elevator.  At  airspeeds  below  about  90 
knots  raising  the  nacelles  requires  more  positive  elevator  to 
lower  the  nose  to  trim  attitude.  The  close  bunching  of  the 
curves  near  100  knots  at  aft  CG  is  due  to  the  cruise  cyclic 
on  the  stick  inputs. 


Longitudinal  stick  travel  through  transition  is  presented 
Figures  11.7  and  11.8.  The  gradients  with  airspeed  are 
stable,  i.e.,  forward  stick  - increasing  airspeed.  At  aft 
CG  the  stick  gradients  at  ij^  = 0,  15°  are  steep  below  110 

knots.  In  this  region  the  aircraft  is  approaching  stall  and 
therefore  a fairly  large  gradient  is  desirable. 

Figures  11.9  and  11.10  present  the  A]i  and  values  of  cyclic 

required  to  trim  through  transition.  The  cyclics  required 
above  80  knots  and  at  nacelle  angles  below  60°  show  the  in- 
creasing contribution  of  the  cruise  cyclic  on  the  stick.  The 
apparent  sudden  change  in  size  of  both  A^  and  near  hover 

arises  from  the  fact  that  swashplate  cyclic  is  input  at  = 30°. 

Aircraft  power  and  thrust  required  from  hover  through  cruise 
at  fixed  nacelle  angles  is  plotted  in  Figures  11.11  through 
11.14.  The  rotor  torque  required  is  presented  in  Figures  11.15 
and  11.16.  Cruise  descent  torque  values  are  high  because  the 
flaps  are  at  40°  in  this  plot.  The  torque  corresponding  to 
100%  is  equivalent  to  1550  horsepower  at  551  RPM.‘  Thus  the 
MIL  (30  minutes)  power  setting  occurs  at  90.6%  torque  and 
NRP  occurs  at  80.6%  torque. 

11.1.1  Blade  Loads 

The  estimated  blade  alternating  bending  moments  are  presented 
in  Figures  11.17  and  11.18.  The  bending  moments  are  at  12.5% 
radius  and  were  computed  using  one  empirical  blade  loads 
equation.  Comparisons  of  the  loads  calculated  using  the 
equation  with  measured  loads  obtained  from  tests  of  a full- 
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scale  rotor  in  the  Ames  40'  by  80'  tunnel,  indicates  that  the 
predictions  are  within  +20%  of  measured  data.  While  more 
work  needs  to  be  done  to  improve  blade  loads  prediction, 
nevertheless  the  computed  loads  are  not  unreasonable  and  can 
be  used  to  assess  the  rotor  loads  and  establish  fatigue  mar- 
gins in  both  steady  level  and  turning  flight  and  maneuvers. 

The  blade  load  level  of  4064  Nm  (36,000  in. -lbs)  is  marked  on 
the  figures  and  is  the  infinite  fatigue  life  allowable  level. 

The  blade  loads  are  seen  to  be  sufficiently  low  throughout 
transition  to  ensure  a reasonably  wide  conversion  corridor 
without  operating  past  the  infinite  fatibue  life  allowables 
in  sustained  flight 


11.1.2  Transition  Corridors 

First  estimates  of  the  transition  corridors,  flaps  down,  at 
forward  and  aft  CG  are  presented  in  Figures  11.19  and  11 -jO. 
The  lower  boundaries  are  wing  stall  (power  on) , blade  loads 
infinite  life  allowables,  and  maximum  up-elevator.  In  air- 
plane flight  with  nacelles  down  the  wing  stalls  before 
full  up-elevator  travel  is  reached.  At  aft  CG,  the  wing  stall 
line  forms  the  lower  boundary  until  at  about  30°  nacelle  in- 
cidence the  (M-3a)  lO^  cycles  blade  loads  line  defines  the 
limit  from  80  knots  to  hover.  At  forward  CG,  the  wing  stall 
line  defines  the  low  speed  boundary  down  to  about  50  knots 
and  47°  nacelle  angle,  after  which  rotor  loads  become  limit- 
ing. 

At  the  high  speed  end  of  transition  the  conversion  corridor 
is  bounded  by  torque  limits,  blade  loads,  flap  loads  and 
maximum  elevator  deflection. 

The  elevator  and  blade  loads  boundaries  are  clearly  dependent 
on  control  system  design  and  as  such  are  functions  of  the 
cyclic  and  elevator  schedules  and  gains  used  in  the  control 
system  model.  In  the  aft  CG  case  the  high  nacelle  angle 
cases  are  limited  by  maximum  elevator  deflection  whereas  for 
the  forward  CG  case  the  blade  loads  are  the  limiting  factor. 
There  is  room  for  further  optimization  in  this  area  by  use 
of  a reduced  elevator  offset  at  ijj  = 90°.  At  i^j  - 90  the 

envelope  is  limited  at  96  knots  by  loads  in  the  forward  CG 
case  and  at  90  knots  by  elevator  at  aft  CG. 

Below  70°  the  corridor  is  bounded  by  either  the  blade  loads 
limit  or  the  transmission  torque  limit.  Since  the  tr^s- 
mission  for  this  vehicle  is  not  yet  designed,  torque  levels 
associated  with  the  engine  power  levels  have  been  used  to 
provide  a benchmark  and  to  provide  some  insight  as  to  ^ne 
effect  of  transmission  design  criteria  on  the  corridor  wi 
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The  loads  limits  are  in  the  same  general  vicinity  as  the 
control  and  transmission  limits  and  it  seems  likely  that  a 
system  can  be  found  which  will  provide  a corridor 
limited  only  by  torque  and  control  travel. 

11 • 2 Transition  - Sustained  Turns 

The  data  presented  in  Figures  11-21  to  11-83  was  calculated 
xn  steady  coordinated  turns.  Figures  11-21  to  11-27  are  for 
a ijj  of  90®  at  40  knots.  The  control  variations  are  normal 

and  smooth  and  the  maneuver  capability  at  this  condition  is 
prob^ly  power  limited,  although  the  infinite  life  blade 
bending  loads  are  exceeded  at  about  2g's  with  a forward  CG 
(see  Figure  11-27) . 


Similar  data  is  shown  in  Figures  11-28  to  11-35  at  i^j  = 90® 

and  a velocity  of  80  knots.  The  aft  CG  case  is  not  limited 
up  to  a bank  angle  of  55®  whereas  in  the  forward  CG  case  the 
turn  is  limited  by  fatigue  blade  loads  at  12®  bank.  A better 
compromise  between  the  elevator  cind  cyclics  to  trim  at  this 
% should  allow  an  expanded  envelope  at  CG  forward  and  restrict 

the  aft  CG  case  more  until  equal  performance  is  achieved  in 
^oth  cases.  This  should  also  help  the  Ig  envelope  limits 
previously  discussed.  There  is  a small  tendency  to  reverse 
the  longitudinal  stick  travel  at  high  0 to  hold  the  turn  but 
is  less  than  0.15"  (0.381  cm).  This  reversal  is  probad)ly 
due  to  the  discontinuity  in  pitch  damping  from  the  rotors  at 
this  advance  ratio.  The  model  fidelity  should  be  checked 
further  in  this  area. 

Figures  11-36  to  11-43  present  the  turn  data  for  % » 60®  at 

60  knots.  The  control  positions  and  variations  of  thrust  and 
power  etc.  are  normal.  For  the  aft  CG  case  it  is  unlikely 
that  rotor  loads  will  be  limiting  until  above  0 = 60®  (2g's) 
whereas  for  the  forward  CG  case  the  rotor  loads  become  limit- 
ing at  0 = 15®. 

A similar  situation  exists  at  90  knots  (%  = 60®)  where  the 

CG  case  is  not  rotor  loads  limited  (data  Figures  11—44  to 
11-47)  until  a b^k  angle  of  approximately  64®  (2.28g's)  . The 
forward  CG  case  is  blade  load  limited  at  31.5®  bemk  or  1.73g's 
and  the  data  is  plotted  in  Figures  11-48  to  11-51.  At  110 
knots  aft  CG  and  120  knots  forward  CG  the  data  shows  much  the 
same  trends.  Figures  11-52  to  11-59. 

Data  for  coordinated  turns  with  % = 30®  are  shown  in  Figures 

11—60  to  11—83  at  110,  130  and  150  knots.  At  110  knots  the 
sustained  turns  are  limited  by  fatigue  blade  loads  to  1.86g's 
(aft  CG)  and  1.5g's  (forward  CG) . At  higher  soeeds  rotor  loads 
limxts  are  higher  than  2g's  or  a 60®  banked  turn. 
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NOTE: 

SEA  LEVEL  STD  DAY 

GW  = 5896.7  Kg (13000  LB) 

6f  = 40® 

FWD  CG 


FIGURE  11.4.  WING  INCIDENCE  IN  TRANSITION  FWD  CG 
GW  « 5896.7  Kg  (13000  LB)  5f  = 40® 
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NOTE:  GW  = 5896.7  Kg (13000  LB) 


AFT  CG 
SL  STD  DAY 


AIRSPEED  (KTS) 


FIGURE  11.  7 . LONGITUDINAL  STICK  POSITION  IN  TRANSITION  AFT  CG 
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FIGURE  11  .8. LONGITUDINAL  STICK  POSITION  FOR  TRIM  IN 

TRANSITION  FWD  CG.  GW  = 5896.7  Kg  (13000  LB) 
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NOTE:  GW  = 5896.7  Kg (13000  LB) 
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FIGURE  11.  9.  CYCLIC  PITCH  TO  TRIM  IN  TRANSITION  AFT  CG 
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FIGURE  11. 10  CYCLIC  PITCH  TO  TRIM  IN  TRANSITION  FWD  CG 

GW  = 5896.7  Kg  (13000  LB)  SEA  LEVEL  STD  DAY 
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NOTE:  GW  = 5896.7  Kg  (13000  LB) 
AFT  CG 
SL  STD  DAY 
Jp  = 40° 


FIGURE  11.  11  POWER  REQUIRED  IN  TRANSITION  AFT  CG 
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FIGURE  11. 12POWER  REQUIRED  IN  TRANSITION  FWD  CG 

SEA  LEVEL  STD  DAY  GW  = 5896.7  Kg  (13000  LB) 
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NOTE: 

SEA  LEVEL  STD  DAY 

GW  = 5896.7  Kg (13000  LB) 

5f  = 40° 
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FIGURE  11.  14  ROTOR  THRUST  COEFFICIENT 
GW  = 5896.7  Kg  (13000  LB) 

IN  TRANSITION 
FWD  CG,  SEA  LEVEL, 

STD  DAY 
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FIGURE  11.  16  TORQUE  VARIATION  IN  TRANSITION  FWD  CG 

GW  = 5896.7  Kg  (13000  LB)  SEA  LEVEL  STD  DAY 
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FIGURE  11.20. FWD  CG  TRANSITION  CORRIDOR  GW  = 5896.7  Kg  (13000  LB) 
GW  = 5896.7  Kg  (13000  LB)  SEA  LEVEL  STD  DAY 
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FIGURE  11 


.21  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 
TRANSITION  AFT  CG  V = 40  KTS . i]si  — 90 
GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY  5^,  = 


40° 
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FIGURE  11.27 
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ESTIMATED  BLADE  BENDING  MOMENTS  IN  COORDINATED 
TURNS  - GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
Sf  = 40“  ±N  = 90“  V = 40  KTS  FWD  CG 
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FIGURE  11.28.CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 
TRANSITION  AFT  CG  V = 80  KTS  ijj  = 90° 
fip  = 40°  GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
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FIGURE  11 .32  COORDINATED  TURNS  IN  TRANSITION,  CONTROL  DATA 
GW  = 5896.7  Kg  (13000  LB)  FWD  CG,  SL  STD  DAY 
In  = 90°  V = 80  KTS 
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FIGURE  11.33  COORDINATED  TURNS  IN  TRANSITION,  FWD  CG 
GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
= 90°  V = 80  KTS 
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11  .36  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN  TRANSITION 
In  = 60  V = 60  KTS  6p  = 40°  GW  = 5896.7  Kg 
(13000  LBS)  SL  STD  DAY  AFT  CG 
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FIGURE  11 *37  THROTTLE  POSITION  AND  ROTOR  THRUST 
TURNS  IN  TRANSITION  -1^-00  V ^ 
= 40°  AFT  CG  GW  = 5896.7  Kg 
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FIGURE  11:jl38 ..jCYCLIC  PITCH  IN  COORDINATED  TURNS  IN  TRANSITION 
iN  = 60^  V = 60  KTS  6p  = 40^  AFT  CG 
GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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11  ESTIMATED  BLADE  BENDING  LOADS  IN  COORDINATED  TU^S 

IN  TRANSITION  - = 60^  V = 60  KTS  6^  = 40° 

GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY  AFT  CG 
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FIGURE  11. 40  CONTROL  POSITIONS  IN  COORDINATED  TURNS 

=60°  V = 60  KTS  GW  = 5896.7  Kg 
FWD  CG  6p  = 40° 


IN  TRANSITION 
(13000  LBS) 
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FIGURE  11 41.^  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 

TRANSITION  iij  = 60®  V = 60  KTS  ^ 

GW  = 5896.7  Kg  (13000  LB)  FWD  CG  Op  = 40 
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FIGURE  11.42  COORDINATED  TURNS  IN  TRANSITION 

^ = 5896.7  Kg  (13000  LB)  FWD  CG 

Op  = 40°  SL,  STD  DAY  V = 60  KTS  ijj  = 60° 
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FIGURE  11.  44-  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 
TRANSITION  - ijj  = 60°  V = 90  KTS  AFT  CG 

GW  = 5896.7  Kg  (13000  LBS)  6p  = 40°  SL  STD  DAY 
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FIGURE  11.45  CONTROL  DATA  IN  COORDINATED  TURNS  IN 
TRANSITION  -In  =60^  V=90  KTS 

= 40^  AFT  CG  GW  = 5896.7  Kg 
(13000  LBS)  SL  STD  DAY 
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FIGURE  11.4  6 CYCLIC  AND  THRUST  DATA  IN  COORDINATED  TURNS 

IN  TRANSITION  - in  = 60°  V = 90  KTS  6p  = 40° 
AFT  CG  GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11 .47 ESTIMATED  BLADE  BENDING  LOADS  IN  COORDINATED 

TURNS  IN  TRANSITION  - = 60°  V = 90  KTS 

= 40°  AFT  CG  GW  = 5896.7  Kg  (13000  LBS) 
r 

SL  STD  DAY 
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FIGXJRE  11.48  CONTROL  POSITION  IN  TRANSITION  COORDINATED 
TURNS  ijj  = 60*  V = 90  = 40*  FWD  CG 

GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
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FIGURE  11.52  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 

TRANSITION  - ij,  = 60°  V = 110  KTS  = 40° 

GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY  AFT  CG 
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figure  11-53  CONTROL  DATA  m COORDINATED  TURNS  IN 
TRANSITION  - ijj  = 60  ^ 

= 40°  AFT  CG  GW  = 5896.7  Kg 
(13000  LBS)  SL  STD  DAY 
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7 11  55  ESTIMATED  BLADE  BENDING  LOADS  IN  COORDINATE 

IN  TRANSITION  - 1n  = 60°  V = 110  KTS  5f 
AFT  CG  GW  = 5896.7  Kg  (13000  LBS)  SL  ST 
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FIGURE  11. 56  CONTROL  POSITIONS  IN  TRANSITION  COORDINATED 

turns  = 60»  V = 120  KTS  = 4o“  FWD  CG 

GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
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figure  11  57  CYCLIC  PITCH  IN  COORDINATED  TURNS  IN  TRANSITION 

ijj  = 60*  V = 120  KTS  6p  = ^0  FWD  CG  SL  STD  DAY 

GW  = 5896.7  Kg  (13000  LB) 
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FIGURE  11.  60  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 

TRANSITION  - ijj  = 30°  v = 110  KTS  = 4QO 

AFT  CG 
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FIGURE  11  61  CONTROL  DATA  IN  COORDINATED  TURNS  IN  TR^SITION 
* AFT  CG  In  =300  y = 110  KTS  6p  = 40° 

GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.62  CYCLIC  AND  THRUST  DATA  IN  COORDINATED  TURNS  IN 
TRANSITION  - = 30°  V = 110  KTS  6p  = 4 0° 

AFT  CG  GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.65  COORDINATED  TURNS  IN  TRANSITION  - 
FVTD  CG  ijj  = 30*  V = 110  KTS  SL 
=40*  GW  = 5896.7  Kg  (13000  LB) 
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FIGURE  11.66  ROTOR  THRUST  IN  COORDINATED  TURNS  SL  STD  DAY 
iu  = 30*  V = 110  KTS  = 40*  FWD  CG 

GW  = 5896.7  Kg  (13000  LB) 
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FIGURE  11. 70.  TRIM  DATA  IN  COORDINATED  TURNS  IN  TRANSITION 
% = 30°  V = 130  KTS  Sf  - 40*  FWD  CG 
GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
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FIGURE  11. 71. ESTIMATED  BLADE  BENDING  LOADS  AT  12.5%  IN 
COORDINATED  TURNS  IN  TRANSITION  ijj  = 30* 

V = 130  KTS  = 40’  FWD  CG  SL  STD  DAY 

GW  = 5896.7  Kg  (13000  LB) 
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FIGURE  11.  72.  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN  TRANSITION 
In  = 30^  V = 130  KTS  6p  = 40°  AFT  CG 
GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.  73  CONTROL  DATA  IN  COORDINATED  TURNS  IN  TRANSITION 

=30°  V = 130  KTS  AFT  CG  6p  = 40° 

GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.74  CYCLIC  AND  THRUST  DATA  IN  COORDINATED  TURNS  IN 
TRANSITION  - In  = 30<^  V = 130  KTS  6f  = 40® 

AFT  CG  GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 


11-78 


ALTERNATING  BLADE  BENDING  LOADS  (12.5%  R) 


D210-11161-1 


BANK  ANGLE  (p  (DEG) 


FIGURE 11. 75  ESTIMATED  BLADE  BENDING  LOADS  IN  COORDINATED  TURNS 
IN  TRANSITION  “ In  = 30°  V = 130  KTS  = 40 

AFT  CG  GW  = 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.76  CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 

TRANSITION  - ijj  = 30°  V - 150  KTS  6p  = 40° 

GW  = 5896.7  Kg  (13000  LBS)  APT  CG  SL  STD  DAY 
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FIGURE  11 -77  THROTTLE  POSITION  AND  THRUST  DATA  IN 
TURNS  IN  TRANSITION  - = 30°  V = 

AFT  CG  GW  = 5896.7  Kg  (13000  LBS) 
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FIGURE  11.  78  CYCLIC  PITCH  IN  COORDINATED  TURNS  IN 
TRANSITION  - % = 30°  V = 150  KTS 

= 40°  GW  = 5896.7  Kg  (13000  LBS) 
AFT  CG  SL  STD  DAY 
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FIGURE  11. 79  ESTIMATED  BLADE  BENDING  LOADS  IN  COORDINATED  TURNS 
IN  TRANSITION  - ifj  = 30°  V = 150  KTS  5p  = 40° 
AFT  CG  GW  - 5896.7  Kg  (13000  LBS)  SL  STD  DAY 
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FIGURE  11.83  ESTIMATED  BLADE  LOADS  IN  COORDINATED  TURNS  IN 

TRANSITION  % = 30’  V = 150  KTS  = 40°  FWD  CG 

GW  = 5896.7  Kg  (13000  LB)  SL  STD  DAY 
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11.3  Trimmed  Cruise  Flight 


D210-11161-1 


The  aircraft  steady  flight  characteristics  with  ijj  = 0®  are 

shown  in  Figures  11-84  to  11-90  at  sea  level  for  forward  and 
aft  CG  locations  and  0,  20  and  40®  of  flap. 

In  cruise  flight  the  fuselage  attitude  is  approximately  equal 
to  the  wing  angle  of  attack.  Power  on  stall  occurs  at  a = 13® 
and  lies  between  93  Kts  and  110  Kts  depending  on  flap  setting. 
The  stick  position  data,  Figure  11-85,  show  that  as  stall  is 
approached  the  stick  gradient  become  steep.  For  6p  = 40®  the 
stick  gradients  become  small,  but  are  still  steible  (i.e., 
stick  forward  with  increased  speed) . Ho  adverse  pilot  reaction 
was  received  to  this  low  gradient.  The  small  discontinuity 
in  the  stick  travel  at  205  Kts  (aft  CG)  is  due  to  the  cyclic 
pitch  input  from  the  longitudinal  stick.  This  cyclic  pitch 
input  is  rate  limited.  The  elevator  deflection  to  trim  is 
shown  in  Figure  11-86  and  reflects  the  same  characteristics 
as  the  stick  position  data. 

The  transmission  torque  levels  in  cruise  at  386  RPM  are  shown 
for  0,  20  and  40®  of  flap  in  Figure  11-87.  The  torque  level 
of  100%  is  equivalent  to  1550  HP  at  551  RPM  and  corresponds  to 
a transmission  designed  to  take  the  full  takeoff  power  avail- 
able. This  of  course  means  that  the  normal  rated  power  torque 
level  at  551  RPM  is  at  80.6%  and  this  level  reflects  a trans- 
mission designed  for  1250  HP.  At  this  level  the  aircraft  will 
fly  at  197  Kts  with  40®  of  flap  which  exceeds  the  flap  placard 
speed.  At  6p  = 0 the  same  torque  level  would  limit  the  sea 

level  cruise  speed  to  240  Kts.  At  100%  torque  the  aircraft 
can  fly  up  to  264  Kts  at  sea  level. 

Figure  11-88  shows  the  cruise  cyclic  pitch  inputs  used  to 
control  the  alternating  blade  loads.  The  alternating  loads 
at  Itj  = 0 for  6p  = 20  and  40®  are  shown  in  Figure  11-89  and 

indicate  load  levels  less  than  endurance  limit  loads  from 
stall  up  to  the  flaps  down  q limit.  Apart  from  the  flap  limit 
the  loads  do  not  limit  the  6p  = 40®  case  until  a speed  of 

200  Kts.  Figure  11-90  shows  the  alternating  loads  as  a function 
of  airspeed  for  both  forward  and  aft  CG  positions  for  the 
6p  = 0 case.  The  loads  are  not  a problem  in  Ig  flight. 

Figures  11-91,  11-92  and  11-93  show  similar  data  at  1524m 
(5000  Ft) and  3047m  (10,000  Ft)  altitude. 

The  trimmed  flight  characteristics  are  much  the  same  as  before 
except  that  the  torque  becomes  limiting  at  higher  speeds.  Rotor 
loads  are  not  a problem  anywhere  in  the  flight  envelope  shown. 
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FIGURE  11.84.  FUSELAGE  ATTITUDE  IN  CRUISE  FLIGHT 
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figure  11.85.  LONGITUDINAL  STICK  POSITION  IN  CRUISE  FLIGHT 
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FIGURE  11.87.  TORQUE  LEVELS  IN  CRUISE  FLIGHT 
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FIGURE  11. 91.  TRIM  DATA  IN  CRUISE  In  = 0°  AT  ALTITUDE 
GW  = 5896.7  Kg  (13000  LBS)  6p  = 0° 
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FIGURE  11-  93.  ESTIMATED  BLADE  BENDING  LOADS  IN  CRUISE  AT 

5000  AND  10000  FEET  6p  = 0°  ijj  = 0°  386  RPM 
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11.4  Coordinated  Turns  in  Cruise 

The  control  positions  for  trimmed  coordinated  turns  in  cruise 
at  GW  = 5896.7  Kg  (13,000  lbs)  at  sea  level  are  shown  in  Figures 
11-94  to  11-97  and  display  normal  fixed  wing  airplane  control 
inputs.  The  maneuver  envelope  is  limited  by  transmission 
torque  limits,  stall  and  blade  fatigue  loads  as  shown  in  Figure 
11-98.  The  loads  boundary  shown  in  Figure  11-98  is  the  fatigue 
endurance  limit  of  the  fiberglass  spar.  Up  to  180  knots  the 
airplane's  turn  capability  is  limited  by  wing  stall.  After 
180  knots  the  limiting  factors  are  transmission  torque  then 
blade  endurance  limit  loads  and  wing  stall.  The  blade  endur- 
ance limit  line  lies  very  close  to  the  wing  stall  limit.  The 
transmission  torque  limit  is  likely  to  be  the  limiting  factor 
in  excess  of  163  knots.  The  "torque  1"  limit  corresponds  to  a 
transmission  designed  for  1250  HP  rotor  in  hover.  Uprating 
the  transmission  limit  to  1550  HP  (engine  T.O.  power  setting) 
at  551  RPM  increases  the  available  speed  by  approximately  20 
knots . 

11.5  Sidewards  Flight 

The  airplane  characteristics  in  sidewards  flight  with  ij^  = 90“ 

are  shown  in  Figures  11-99  and  11-100.  The  control  data  show 
that  a sidewards  velocity  of  49  knots  can  be  achieved  before 
running  out  of  rudder  pedal  travel.  The  alternating  blade 
bending  loads  in  sidewards  flight  are  shown  in  Figure  11-100 , 
Alternating  loads  exceed  4064  Nm  (36,000  lbs)  at  29.5  knots 
sidewards.  The  airplane  is  controllable  up  to  higher  speeds 
but  blade  fatigue  damage  would  result. 
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FIGURE  Ij  .95. 


CONTROL  POSITIONS  IN  COORDINATED  TURNS  IN 
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figure  11.96.  CONTROL  POSITIONS 
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FIGURE  11  .97  . CONTROL  POSITIONS  IN  COORDINATED  TURNS 
IN  CRUISE  FLIGHT  - % = 0°  6p  = 0° 

FWD  CG  GW  = 5896.7  Kg  (13000  LBS) 

SL  STD  DAY  240  KTS 
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*NOTES ; 


1.  TORQUE  1 EQUIVALENT  TO  1250  HP  AT  551  RPM 

2.  TORQUE  2 EQUIVALENT  TO  1550  HP  AT  551  RPM 

3.  LOADS  = (M-3o)108  CYCLE  LOADS  IN  GLASS  SPAR 
(FWD  CG) 


1.2  VstaLL 


AIRSPEED  (KTS) 


FIGURE  11  .9 8. FLIGHT  ENVELOPE  LIMITS  IN  SUSTAINED  TURNS 
6f  = 0°  SL  STD  DAY  In  =0°  386  RPM 

GW  = 5896.7  Kg  (13000  LBS) 
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12.0  STABILITY  AND 
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fiTARILITY  AND  CONTROL 


Preliminary  stability  and  control  characteristics  of  the  Hinge- 
less Rotor^XV-15  Aircraft  were  evaluated  over  t.ie  range  of  air- 
speld  f rom  hover  to  high  speed  cruise.  The  evaluation  was  per- 
formed using  the  mathematical  model  to  obtain  ayn^ic  response 
tHulsel  to  provide  stability  derivatives.  The  st^ility 

derivatives  were  used  in  a small  perturbation, 

dtrecWonal  analysis  to  yield  the  stability  toots  ^he  eval- 
uation  was  conducted  at  sea  level,  at  aft  CG  and  at  liuuu  pou 

gross  weight  with  the  rotor  r?m  governor  iJn 

presented  are  for  SAS-off.  Laboratory  and  piloted  evaluai-ion 
indicates  that  the  SAS  provides  adequate  augmentation. 

It  shoiia  be  noted  that  the  results  "hi 

fleet  rotor  loads  control  systems  (cyclic-on-the  sticK) - 
effect  of  these  systems  on  stability  and  contro  wi 
vestigated  during  an  upcoming  design  study. 

12.1  Control  Power 

oitoh  roll  and  yaw  control  power  of  the  Hingeless  Rotor  XV-15 
‘at  s'elected  nacelle  angles  and  airspeeds  through  transi.io 
and  cruise,  is  presented  in  Figures  12.1  through 
amount  of  control  power  available  per  inch  of  J""  “ lie 

Placement  at  a given  nacelle  angle  cepends  o^^he  rotor  cycli 
and  aerodynamic  control  surface  gains. 

^hipavator  rudder  and  aileron  gains  (aegrees/inch)  were  t 
elevator,  ruaaex  mug  cvclic  gains  were  chosen 

vilSis  in  hover  ihai  produced^good  hover^oontrol 

thif  ridScef  bf  if  thf  nlceile  as  conversion 

iriiriSsid  SO  further  optimization  of  control  gains  was 

at  tiis  time  un?il  further  work  is  completed  on  the 

cyclic-on-the-stick  loads  control  system. 

AS  can  be  seen  from  the  figures,  pitch 

axes  in  hover,  transition  and  cruise  is  high  and  well 
three  axes  in  novtsx. , MTT-v-R-^ino  '^he  hover  pitch 

foirro^lowfr^in . lfiidi%eiS/“ch  is 

li^d^rii^iriA  ^^11  airspeeds.  At 

dSi  fo°rcoSiia??Sfo^  ^r4ptLum 

the  gain  schedules.  Yaw  control  power  is  above  minim\im 

^ro?s!"‘^Thif;onrtlr^ 

for  the  aircraft. 
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As  determined  from  the  simulator  evaluation,  pilot  opinion  of 
the  control  power  for  the  unaugmented  aircraft  is  favorable. 


12. 


Control  Feel  and  Stick  Force/g 


gradients  and  breakouts  utilized  in  the 
N^/^?^XV^15  the  same  as  those  used  in  the 

c-t-i  V the  simulation  the  pilot  stated  that 

the  stick  forces  felt  high  during  low  speed  flight.  In  hiah 
speed  flight  the  stick  force  per\  was  Lted  as  being  low^^ 

The  force  gradients  were  changed  accordingly  to  yield  a vir- 
and^l"?  ^s/g  at  mid  CG  position.  Figures  12.4 

revised  force  gradients  and  breakouts  and 
1^*5  Shows  the  stick  force/g  variation  v/ith  airspeed 
in  the  airplane  moae.  Also  shown  are  the  stick  force/q  for  the 
current  XV-15  force-feel  schedules. 

12.3  Dynamic  Stability 

Dynamic  stability  of  the  HRXV-15  was  investigated  in  hover 

cruise  flight.  The  simulator  mathematical  model 
time  histories  of  aircraft  response  to 
S model  was  also  used  to  provide 

derivatives  which  were  then  used  to  obtain  the  roots 
‘^^^racteristic  equations  from  a longitudinal  lateral- 
directional  coupled  analysis. 

12.3.1  Longitudinal 

stick  pulse  inputs 

were  obtained  SAS-off,  governor-on,  at  aft  CG,  13,000  pounds 

selected  responses  covering  the  flight  range 
from  hover  to  cruise  are  presented  in  Figures  12.7  through  12114 

shown  by  the  pitch  attitude  responses, 
IS  well-damped  throughout  the  flight  envelope.  In  hover,  the 

damped  and  is  followed 

by  a phugoid  oscillation  of  period  15 .'seconds.  This  long 

slowly  divergent  with  a time  to  double 
cf  57  seconds  and  damping  ratio  -.03.  The  hover 
pitch  response,  SAS-off,  is  annoying  but  manageable  by  the  pilot 

shows  the  pitch  response  for  90“  nacelle  angle  and 
0 knots,  a typical  mid-transition  configuration.  The  short 
if beat,  ensuring  precise  pilot  command  of 
"fh®  ensuing  phugoid  is  divergent  oscillatory 
of  16  seconds  period  and  time  to  double  is  16  seconds.  If  the 
nacelles  are  lowered  to  60“  at  60  knots  (Figure  12.9)  the  short 
remains  highly  damped  and  the  phugoid  becomes  lightly 
damped  (c  - *19)  with  period  23  seconds  and  time-to-half- 
^plitude  13  seconds. 
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Figures  12.10  through  12.12  show  the  effect  of  reducing 
nacelle  angle  at  constant  (100  knots)  airspeed.  Short  period 
response  is  very  highly  damped  and  response  reduces  as 
nacelles  are  lowered  because  of  the  cyclic  gain  reduction  with 
nacelle  angle.  The  phugoid  is  positively  damped  throughout, 
with  ti/2  varying  from  10  seconds  at  % - 60°  to  21  seconds  a 


■•N 


= O' 


The  longitudinal  response  in  cruise  mode  with  flaps  up  an 
nacelles  fully  down  is  shown  in  Figures  12.13  and  12.14  re- 
presenting the  low  and  high  speed  conditions.  Initial  Pitch 
response  is  highly  damped  and  the  phugoid  period  varies  from 
38  seconds  at  140  knots  to  46  seconds  at  240  knots.  ^imes  to 
half  amplitude  are  66  seconds  and  46  seconds  respectively. 

Longitudinal  response  characteristics  are  summarized  in  Figures 
12.15  through  12.17,  which  present  the  frequencies,  damping, 
and  periodic  times  of  the  short  period  and  phugoiQ,  as  aeter 
mined  from  analysis  of  the  characteristic  roots. 

in  general,  the  longitudinal  oharaoteristlos  of  the  unau^mented 
HRXV-15  are  estimated  to  be  acceptable  throughout  the  1 g 
range.  At  airspeeds  below  80  knots  and  nacelle  angles  above 
75°  the  phugoid  is  mildly  divergent.  Pilot  experience  in  the 
simulator  showed  that  this  condition  is  readily  controllable. 

12.3.2  Lateral-Directional 

Lateral-directional  responses  of  the  unaugmented  2°ig 

lateral  stick  and  rudder  pulses  are  presented  in  Figures  12. ib 

through  12.24. 

In  the  helicopter  configuration  (iN  = 90°)  £t  60  knots.  Figure 

12.18  shows  the  response  to  a right  stick  pulse  of  0.5  for 
1 second.  The  initial  roll  damping  is  high  and  the  resulting 
roll/yaw  coupled  oscillation  is  slightly  negatively  damped 
(-.osl  and  pLiod  9 seconds.  The  roll/yaw  coupling  arises  from 
the  rotor  aerodynamic  contributions.  This  response  meets 
f«gul?emSnL  of  MIL-F-83300.  Application  of  a 0 5 inch  rudder 
pulse  shows  that  the  requirement  to  change  yaw  angle  by  6 
degrees  in  1 second  is  met,  and  that  the  aircraft  rolls  right 
for  right  pedal,  thus  satisfying  the  dihedral  requirement. 

Pimire  12  19  presents  the  aircraft  response  to  stick  and  rudder 
wi?h  60°  iaLlle  angle  and  60  knots.  The  dutch  roll  response 


WXL.il  U Lf  n o o 

meets  Level  2 requirements  = "*032 


— . 489) 
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Figures  12.20,  12.21  and  12.22  show  the  responses  with  nacelle 
angle  of  60”,  30”  and  0”  at  100  knots.  The  dutch  ?o“  ?eSnse 
rapidly  improves,  meeting  Level  1 requirements  at  60”  and  ex- 

settings.  The  spirarmSe 

able  throughout . At  all  conditions  proverse  yaw  response 
to  lateral  stick  is  attained.  There  is,  however?  Tsmal? 
amount  of  negative  dihedral  in  response  to  rudder  pulses,  i.e 
t e aircraft  initially  rolls  left  during  a right  pedal  input.*' 

f®^®^^l“^if®ctional  responses  are  shown  in  Figure  12.23 
-he  in  Figure  12.24  at  240  knots  with  flaps  up. 

xhe  roll  mode  is  well  damped  with  positive  spiral  stability 

speed.  The  dutch  roll  response  is  also  well 
damped  and  meets  the  requirements  of  Level  1. 

summarized  in  Figures 

. 5 through  12.27  in  the  form  of  characteristic  frequencies 
damping,  etc.  Figure  12.27  compares  the  unaugmented  aircraft' 
response  in  dutch  roll  with  the  various  levels  of  MIL-F-83300. 
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FIGURE  12.5.  REVISED  LATERAL  STICK  GRADIENT 
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MAX.  LEVEL  1 MIL-F-8785B 


FIGURE  12.6.  STICK  FORCE/g  VARIATION  WITH  AIRSPEED 
IN  AIRPLANE  MODE 
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FIGURE  12,15.  SHORT  PERIOD  CHARACTERISTICS,  13,000 

LBS,  AFT  CG,  GOVERNOR  ON,  SEA  LEVEL 
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FLAP  q LIMIT 


AIRSPEED  - KNOTS 

FIGURE  12.16.  PHUGOID  CHARACTERISTICS,  13,000  LBS, 

aft  cg,  sas-off,  governor  on 
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FIGURE  12.17.  PHUGOID  CHARACTERISTICS,  13,000  LBS, 

AFT  CG,  SAS-OFF,  GOVERNOR  ON 
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FIGURE  12.25.  DUTCH  ROLL,  CHARACTERISTICS,  SAS-OFF , 

AFT  CG,  SEA  LEVEL  STANDARD 
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FIGURE  12.27.  SUMMARY  - DUTCH  ROLL  CHARACTERISTICS  VS 

REQUIREMENTS  OF  MIL-F-83300,  SAS-OFF 
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13.0  PILOTED  SIMULATIOU 

This  section  presents  the  results  of  the  real-tine  piloted 
simulation  conducted  to  evaluate  the  handling  qualities  of  the 
Advanced  Hingeless  Rotor  XV-15  Aircraft.  The  mathematical 
model  of  the  airframe  that  was  used  to  drive  the  simulator  is 
as  described  in  the  body  of  this  report  except  that  the  cyclic 
schedules  used  to  control  rotor  loads  were  not  available  for 
incorporation  in  time  for  the  simulation. 

The  effect  of  cyclic  on  the  stick  on  the  aircraft  flying 
qualities  and  handling  will  require  careful  evaluation  during 
subsequent  studies. 

The  mathematical  model  of  the  rotor  forces  and  moments  was 
that  detailed  in  Section  5.0.  As  pointed  out  in  that  section, 
rotor  performance  at  lower  power  settings  and  in  autorotation 
is  obtained  essentially  by  mathematical  extrapolation,  since 
the  rotor  has  not  yet  been  tested  in  these  ranges  of  operation. 
Therefore,  aircraft  performance  and  pilot  comments  on  low 
power  descents  and  autorotation  should  be  weighed  accordingly. 
Approximately  15  hours  was  spent  in  actual  piloted  evaluation 
with  about  40  hours  tie-in  time  used  to  debug  the  system  and 
make  changes  in  response  to  pilot  comments. 

13 . 1 Simulator  Description 

The  Boeing  Vertol  simulation  facility  consists  of  a 6 degree- 
of-freedom,  small-motion  pilot  cabin  driven  by  signals  from 
a Xerox  19  digital  computing  system.  The  pilot's  cabin  is 
equipped  with  an  adaptable  instrument  panel,  a variable  flight 
control  force-feel  system,  and  an  out-of-the-window  visual 
display.  The  visual  display  is  generated  by  a black-and-white 
television  camera  moving  over  a terrain  model.  The  image  is 
viewed  by  the  pilot  through  a large  collimating  l«=ns  providing 
a field  of  view  measuring  38  degrees  vertically  by  53  degrees 
azimuthally  with  0 degrees  depression  angle. 

The  limited-motion,  6 degrees-of-freedom  pilot's  cabin  has 
the  following  performance: 

Motion  System  Performance 

Payload  (including  pilot)  770  Lbs 

Travel  Limits  (stop-to-stop  total) : 

Vertical  / 

Longitudinal  > 12.7  cm  (5  in.) 

Lateral  \ 


13-1 


D210-11161-1 


Pitch 

Roll 

Yaw 

Pitch  Tilt 


13  deg. 
19  deg. 
19  deg, 
2 6 deg . 


Rate  Limits  with  Zero  Acceleration; 


Vertical 

Longitudinal 

Lateral 

Pitch 

Roll 

Yaw 


+0.66m/s  (+26  in. /sec.) 
+1.04m/s  (+41  in. /sec.) 
+0.66m/s  (+26  in. /sec.) 
+69  deg. /sec. 

+97  deg. /sec. 

+155  deg. /sec. 


Acceleration  Limits  for  Zero  Rates  (incremental  values) : 


Vertical 

Longitudinal 

Lateral 

Pitch 

Roll 

Yaw 


19.63m/s2  (+64.4  ft. /sec. 2) 

10.79m/s2  (+35.4  ft. /sec. 2) 

8.81m/s2  (+28.9  ft. /sec. 2) 
+248  deg. /sec. 2 
+414  deg. /sec. 2 
+745  deg. /sec. 2 


13 . 2 Configuration  of  Pilot's  Cabin 


The  cabin  of  the  simulator  was  configured  to  represent  approxi- 
mately the  layout  of  the  NASA-Army  XV-15  aircraft  instrument 
panel  and  controls.  Because  the  simulator  was  also  being  used 
to  evaluate  current  Company  helicopter  designs,  some  compro- 
mises had  to  be  made  in  instriament  placement  so  as  to  minimize 
configuration  changes  when  switching  back  and  forth  between 
aircraft  models. 


13.2.1  Instruments  and  Controls 

Instruments  and  primary  controls  were  positioned  in  the  single- 
seat cabin  such  that  the  pilot  flew  as  if  from  the  right  seat. 
Figure  13-1  shows  the  instrviment  peinel  layout  used  throughout 
the  simulation  and  Tcible  13.1  details  the  instruments  and 
ranges.  The  pilot's  force-feel  system  was  programmed  to  deliver 
breakout  forces  and  gradients  according  to  the  current  XV-15 
force-feel  system  shown  in  Figure  13.2. 

The  control  stick  in  the  simulator  was  mechcuiically  limited  to 
+4.8"  longitudinally  and  laterally,  and  the  pedals  to  +2.5". 

A beep  force-trim  hat  switch  was  mounted  on  the  stick  enabling 
the  pilot  to  zero  out  stick  forces  and  to  make  small  trim  ad- 
justments to  the  aircraft.  Initially  a constant  beep  trim 
rate  of  1/2  degree  per  second  was  used.  Later  in  the  program 
beep  rate  was  washed  out  as  a function  of  dynamic  pressure 
according  to  the  equation 
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FIGURE  13.1.  INSTRUMENT  PANEL  LAYOUT 
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CAB  INSTRUMENTATION 


Instr  lament 


Range 


Vertical  Situation  Indicator 
Horizontal  Situation  Indicator 
Airspeed 

Pressure  Altimeter 
Radar  Altimeter 
Rate  of  Climb 
Turn  and  Bank 

' g ' Meter 
Nacelle  Angle 
Clock 

Sideward  Velocity 
Angle  of  Attack 
Wing  Flap  Position 
Rotor  Speed 

Engine  Torque  Meters  (2) 


+90®  Pitch  and  Roll 
+120®  Heading 
0 520  XIAS 

0 10,000  Ft 

0 1,000  Ft 

+ 6,000  Ft/Min 
+ Needle  VJidths 
+1-1/2  Ball  Widths 
-1,  +3  'g' 

0 ^ 120® 

+4  0 Knots 
+20® 

0 100® 

0 125% 

0 --  125% 


PRIMARY  FLIGHT  CONTROLS 

Stick  {+4.8"  Longitudinal  and  Lateral) 

Pedals  (+2.5") 

Power  Lever  (0  ->■  8"  Normal;  0 ->•  10"  Emergency) 
Nacelle  Position  Thumb  Switch  on  Power  Lever 


MISCELLANEOUS  EQUIPMENT  AND  FEATURES 


Back  Drives  to  Trim  Stick  and  Pedals  while  in  Initial 
Condition  (I.C.) 

Landing  Gear  Up  - Down  Switch  with  Indicator  Light 
Flap  Select  Lever  0®,  20®,  40®,  75® 

Detent  Switches  on  Spring  Cartridges  (Pedals  & Lateral  Stick) 
Magnetic  Brake  on  Pedals,  Longitudinal  and  Lateral  Controls 
Longitudinal  and  Lateral  Beep  Force  Trim  on  Stick 
Power  Lever  Null  Meter 
Toe  Brakes 

Specified  Force  Feel  System 


TABLE  13.1.  HRXV-15  PILOT  STATION  FEATURE  SUI4MARY 
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beep  trim  rate  = 0.5  - .00131  inches/second 

A magnetic  brake,  operated  by  a button  on  the  stick,  was  used 
to  zero  stick  and  pedal  forces  simultaneously.  This  was  used 
mostly  in  hover  and  low  speeds  since  at  higher  speeds  an 
objectionable  stick  'jump'  was  experienced  by  the  pilot. 

Detents  on  the  lateral  stick  and  pedals  were  set  to  +0.05  inches. 

The  HRXV-15  uses  a single  throttle  lever,  side-arm  controller 
style,  to  command  the  power  of  both  engines  and  to  provide 
collective  pitch  lead  in  hover  and  transition  with  rotor  speed 
controlled  by  the  governor.  Rotor  rpm  is  scheduled  with 
nacelle  angle-  A proportional  thumb  switch , loaded-to-center , 
with  detent,  breakout  and  gradient  was  mounted  on  the  hand 
grip  and  controlled  nacelle  tilt  angle.  Figure  13.3  shows  the 
power  lever  mounted  beside  the  left  arm  rest  of  the  pilot's 
seat.  The  power  lever  has  a normal  travel  of  8-inches  encom- 
passing the  range  of  engine  powers  from  flight  idle  to  maximiom. 
For  single  or  dual  engine  features,  direct  pilot  control  of  rotor 
collective  pitch  is  obtained  by  moving  the  lever  through  a 
detent  set  at  the  8-inch  travel  point.  Once  through  the  detent, 
the  rotor  governor  is  switched  off  and  an  additional  2— inches 
of  travel  is  available  with  the  power  lever  acting  as  a 
collective  lever. 

A flap  lever  and  a landing  gear  up-down  select  lever  were 
mounted  on  the  left  sidewall  of  the  simulator  cabin.  The  flap 
lever  commanded  flap  settings  of  0,  20,  40  and  75  degrees  only. 
Flap  extend/retract  rate  was  fixed  at  5 degrees  per  second. 

A 4 second  cycle  time  on  the  landing  gear  switch  was  used. 

A stall  warning  light  was  mounted  on  the  right  side  of  the  in- 
strument panel  but  failed  to  function  during  the  test  period. 
Approach  to  stall  was  monitored  by  the  pilot  using  the  angle 
of  attack  indicator. 

13 . 3 Piloted  Evaluation 

During  the  simulator  evaluation  period  much  time  was  spent  in 
correcting  errors  in  the  visual  display  and  in  trouble-shooting 
computer /simulator  interface  problems-  Some  of  these  problems 
were  solved,  but  many  persisted  throughout  the  period.  Never- 
theless, about  15  hours  of  productive  pilot  flying  was  logged, 
sufficient  to  provide  a basis  for  a preliminary  evaluation  of 
the  Hingeless  Rotor  XV-15. 

The  problems  that  persisted  during  the  evaluation  were  asso- 
ciated with  the  motion  base  and  the  visual  display.  The 
visual  display  was  the  subject  of  frequent  comments  by  the 
pilot  concerning  poor  resolution,  field  of  view  and  brightness. 
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Some  degree  of  improvement  in  brightness-of-scene  was  achieved 
i^spositioning  the  terrain  illumination  and  by  altering  the 
television  camera  brightness/contrast  contacts.  Image  reso- 
lution  was  found  to  be  especially  poor  when  flying  in  the  hover 
mode  near  the  ground  and  this  contributed  to  increased  pilot 
workload  in  precision  hover  and  low  speed  maneuvers  close  to 
the  ground.  The  limitations  on  field  of  view,  especially  the 
down  and  side  views,  resulted  in  a degradation  in  the  quality 
of  visual  cues  available  during  turns  and  in  sidewards  flight. 

The  motion  base  realism  was  criticized  by  the  pilot  throughout 
the  evaluation  period.  He  complained  of  abrupt  washout  and  re- 
centering  motions  especially  at  low  airspeed.  At  higher  air- 
speeds, noise  on  the  pitch  and  roll  acceleration  channels  pro- 
duced an  annoying  small  amplitude,  rapid  pitching/rolling  sen- 
sation. Attempts  were  made  to  filter  out  the  noise  with  limited 
success. 

Prior  to  the  forthcoming  evaluation  by  a NASA  pilot  it  is  hoped 
to  be  able  to  adjust  the  simulator  motion  bcse  to  the  pilot's 
satisfaction . 

13.3.1  Pilot's  Report  and  Engineering  Comments 

Presented  below  is  the  pilot's  preliminary  evaluation  of  the 
aircraft,  followed  by  Engineering  comments,  which  are  keyed 
to  pilot  remarks  by  the  numbers  in  the  righthand  margin. 

Pilot's  Report 

During  the  period  October  2 through  October  29,  1976,  approxi- 
mately 15  "flight"  hours,  in  6 sessions,  were  spent  in  quali- 
tative evaluation  of  the  XV-15  simulation.  Detailed  comments 
are  presented  below.  It  should  be  noted  that  evaluation 
results  of  dynamic  maneuvers  would  probably  be  tempered  in 
real  world  by  stress/structural  limitations  which  were  not 
presented  or  displayed  to  the  pilot. 

The  pilot  did  not  use  standard  pilot  ratings,  since  there  was 
no  baseline  of  simulation  fidelity  to  measure  against.  Ideally, 
for  a progrcim  of  this  type  where  the  simulated  aircraft  is  a 
"paper"  aircraft,  prior  to  the  evaluation  the  pilot  should  fly 
a simulated  aircraft  in  which  he  has  actual  flight  experience 
to  establish  a simulation  baseline.  It  is  recommended  for  the 
forthcoming  NASA  pilot  evaluation,  a CH-47  simulation  be 
available  for  his  assessment.  1 

Prior  to  the  NASA  evaluation,  some  work  needs  to  be  done  on 
the  Boeing  Vertol  simulator  to  optimize  visual  and  motion 
cues  and  improve  cockpit  displays  and  functions.  Specific 
shortcomings  are : 
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o Visual  Display  - Poor  resolution  and  brightness,  inadequate 
field  of  view.  The  Cab  Fresnel  lens  apparently  degrades 
picture  quality,  since  the  monitor  picture  is  more  distinct 
than  the  cockpit  display.  A second  window  would  improve 
field  of  view;  the  present  field  inhibits  maneuvering , par- 
ticularly in  pitch  up  maneuvers  at  low  altitude  when  visual 
reference  is  lost  and  pilot  must  revert  to  cockpit  instru- 
ments to  maintain  adequate  control.  The  ultimate  objective 
should  be  a 2-3  window  color  picture,  since  strong  visual 
cueing  is  mandatory  with  a limited  or  "nudge"  motion  base.  2 

o Motion  Base  - Primary  complaints  were  acceleration  washout 
and  recentering  time  constants  appeared  too  short.  Response 
to  pulse  control  inputs  was  too  abrupt  and  unreal.  Lateral 
or  roll  cues  for  low  speed  side  force  conditions  appeared  to 
be  exaggerated  and  tended  to  be  disorienting.  Spuriour  jolts 
and  jostles  unrelated  to  aircraft  happenings  occurred,  evi- 
dently due  to  "noise".  These  were  disconcerting  and  annoy- 
ing, but  not  disorienting.  If  the  above  recommended  CH-47 
simulation  is  mechanized  for  the  NASA  pilot,  the  motion 
settings  can  be  optimized  by  a Boeing  Vertol  pilot  during 
this  simulation  checkout  phase.  3 

o Cockpit  Display  - Power  lever/nacelle  beep  switch  configur- 
ation should  be  changed  to  approximate  the  Bell/NASA  simu- 
lator configuration.  Present  nacelle  switch  is  thumb  oper- 
ated up  and  down.  It  is  felt  that  a fore-aft  switch  oper- 
ation would  be  more  acceptable  human  f actors-wise . 4 

Much  difficulty  was  experienced  trying  to  establish  and 
maintain  vertical  speed  velocity  trim  conditions  due  to 
apparently  oversensitive  vertical  speed  indications . The 
instrument  displays  simulated  instantaneous  vertical  speed, 
cind  some  attempt  was  made  to  filter  the  signal.  However, 
the  optimum  balance  between  good  sensitivity  and  excessive 
lag  was  not  achieved.  ^ 

Lateral  velocity  and  sideslip  angle  indicators  should  be 
relocated  closer  to  the  primary  scan  area  and  have  better 
illumination.  ® 

If  the  NASA  evaluation  math  model  should  include  stress 
parameters,  some  form  of  cockpit  indication  related  to 
stress  limits,  like  the  C.G.I.,  should  be  installed.  Also, 
a stall  warning  light  should  be  provided.  7 
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Approximately  15  simulation  hours  were  flown  to  evaluate  flying 
qualities  of  the  Hingeless  Rotor  XV-15  Tilt  Rotor  Aircraft 
throughout  its  normal  flight  spectrum.  Cooper-Harper  pilot 
ratings  were  not  used  because  the  pilot  did  not  have  an 
opportunity  to  fly  a simulated  actual  aircraft  to  establish  a 
simulator  fidelity  baseline. 

Test  Conditions 


The  initial  flight  period  was  devoted  to  pilot  familiarization 
of  the  aircraft  and  simulator.  The  subsequent  evaluation 
included  hover  and  low  speed  maneuvering  and  forward  flight  to 
80  KIAS  in  the  helicopter  mode  (90°  nacelle  angle),  forward 
flight  characteristics  at  various  intermediate  nacelle  angles; 
conversions  at  normal  and  max  nacelle  rates;  power  on  and  off 
wing  stalls  clean  and  with  landing  gear  and  flaps  extended; 
si  igle  engine  failures  at  cruise  in  the  airplane  mode  auid  from 
hover,  IGE  and  OGE,  in  the  helicopter  mode;  helicopter  mode 
autorotations;  optimum  airspeed  approaches  at  90°  and  75° 
nacelle  angles.  Most  conditions  were  evaluated  SAS  on  and 
off  and  at  most  forward  and  aft  center  of  gravity  locations. 
Helicopter  approaches  to  hover  in  15  knot  crosswind,  helicopter 
and  airplane  cruise  in  turbulence  were  performed. 

Test  Results 


Helicopter  Mode  (Hover  and  Low  Speed  Maneuvering) . Configur- 
ation - 90°  nacelle  angle,  40°  flap  angle,  landing  gear  down. 

Response  to  pitch,  roll  and  yaw  pulses,  SAS  on,  was  good  with 
dead  beat  return  to  trim  in  pitch  and  roll  attitude  and  yaw 
rate.  Initial  pitch  response  appeared  to  have  approximately  8 
.25  second  lag,  noticeable  but  not  objectionable.  SAS  off, 
pitch  appeared  statically  stable,  dynamically  unstable;  roll 
and  yaw  statically  stable.  Precision  meineuvering  laterally, 
longitudinally  and  vertically  was  difficult,  requiring  excessive 
pilot  workload.  However,  considering  that  response  character- 
istics were  comparable  to  contemporary  helicopters,  this  was 
attributed  to  weak  visual  and  motion  cues. 

Acceleration  from  hover  to  80  KIAS  was  sluggish,  requiring  an 
initial  uncomfortable  (up  to  15°)  nose  down  attitude  with  a 
trim  attitude  of  10°  nose  down  required  at  80  knots.  Decel- 
erations also  appeared  sluggish  but  were  affected  by  pilot 
inhibition  to  steep  flare  attitudes,  since  with  the  limited 
visual  field  of  view,  flares  much  in  excess  of  10°  nose  up 
lost  visual  ground  reference. 
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Low  speed  turns,  40  to  80  Kts,  were  acceptable,  with  reason- 
ably good  coordination  (1/4  ball  or  less) . 

Transitions  (0“  - 90°  - 0°  Nacelle  Angles) 

Normal  rate  transitions  were  accomplished  SAS  on  and  off  with 
no  problem  except  maintaining  zero  R/C  in  pitch.  Again,  it 
felt  that  stronger  cues  would  have  greatly  diminished  pilot 
workload.  Maximum  rate  transitions  (90°  in  7 seconds) , SAS  on 
and  off,  were  controllable  with  considerable  pilot  effort. 

With  so  many  parameters  to  monitor  and  control  (flight  path, 
torque,  nacelle  and  flap  angles,  angle  of  attack)  this  maneuver 
is  not  recommended  for  normal  operations  and  should  be  reserved 
for  emergency  situations  with  adequate  altitude. 

STOL  Mode  (45°  to  75°  Nacelle  Angles) 

Level  flight  and  turns  were  acceptable.  During  75°  approach 
at  80  kts,  power  was  reduced  to  establish  a 1,000  ft/min 
descent  rate  and  control  was  lost  thru  rotor  rpm  decay  caused  by 

an  exceedance  of  the  governor  limits.  This  was  corrected  by 
a governor  change.  1 


Airplane  Mode  - SAS  On 


Good  attitude  stability  and  maneuver  response.  Some  diffi- 
culty was  experienced  in  maintaining  zero  vertical  speed 
in  trimmed  level  flight.  This  may  have  been  poor  simulation 
display,  but  regardless,  an  altitude  hold  capability  in 
pitch  would  be  a desirable  feature.  Roll  attitude  hold 
about  any  bank  angle,  comparable  to  YUH-61A  and  CH-147,  is 
possibly  a questionable  characteristic  for  a fixed  wing 
airplane.  This  provides  neutral  spiral  stability,  where 
possibly  positive  stcibility  would  be  more  desirable.  Yav; 
steps  produced  pure  sideslip  with  zero  bank  angle;  roll 
attitude  hold  results  in  no  apparent  dihedral  effect. 


This  is  not  necessarily  undesirable  but  is  abnormal  for  an 
airplane.  Turns  to  45°,  pedal  fixed,  were  well  coordinated 
and  rolling  pullouts  +45°  bank  angle  with  3g  were  per- 
formed with  no  problem. 
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Airplane  Mode  - SAS  Off 


Response  to  pitch,  roll  and  yaw  pulses  was  satisfactory  with 
slow  return  toward  initial  trim.  Turn  coordination,  pedals 
fixed,  was  somewhat  degraded  (less  than  1/4  ball  slip)  and 
more  pilot  effort  in  pitch  was  required  to  maintain  zero 
R/C  than  SAS  on. 
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Power  on  and  off , clean  and  gear  and  flaps  down  were  docile 
easily  recoverable.  Stalls  were  evidenced  by  angle  of 
attack  and  sink  rate  indications,  with  some  nose  drop 
tendency  but  no  roll  off.  Recovery  was  effected  by  re- 
leasing  back  pressure  and  allowing  airspeed  to  increase  by 
diving  and/or  power  application.  No  stalls  were  performed 
from  steep  banked  turns. 

Turbulence 


No  problems  experienced  SAS— on,  other  than  an  increase  in 
pilot  workload  to  maintain  zero  R/C.  SAS-off  pilot  work- 
load increased  to  degree  where  IFR  capability  would  be 
marginal  if  mission  tasks  over  and  above  flight  path 
control  were  greater  than  moderate.  12 

Single  Engine  Failures 

Helicopter  mode  — XGE.  Single  engine  power  cuts  from  a 20 
foot  hover  were  performed.  Remaining  engine  increased  to  maxi-13 
mum  torque  and  aircraft  settled  to  the  ground,  with  reasonable 
contact.  Prior  to  attempting  failures  from  an  O.G.E. 
hover,  minimum  single  engine  level  flight  speed  was  determined 
to  be  20  KIAS.  O.G.E.  engine  cuts  were  initialed  from  800 
feet,  pilot  reaction  delayed  one  second,  and  aircraft  pitched 
over  to  achieve  20  Kts,  with  a height  loss  of  100  feet  (re- 
P®^table) . This  indicates  a height  velocity  diagram  of 
20  - 200  with  the  nose  at  20  Kts  would  probably  be  conser- 
vative . 

Airplane  Mode 

No  noticeable  effect  other  than  a light  longitudinal 
deceleration. 

Dual  Engine  Failures 

Helicopter  Mode 


Initialed  from  70  Kts  by  retarding  power  lever  to  minimum 
at  a moderate  rate.  The  first  attempt  resulted  in  an 
unrecoverable  pitch  down.  Subsequent  attempts  were  con- 
trollable but  resulted  in  an  indicated  5,000  feet/minute  14 
autorotative  rate  of  descent.  No  attempt  was  made  to 
flare  to  a landing.  This  power  off  condition  requires  con- 
siderable investigation  to  deteinnine  if  it  is  possible  to 
land  either  in  the  helicopter,  STOL  or  airplane  configur- 
ation. It  should  be  noted  that  in  the  airplcine  mode, 
without  pilot  control  of  rotor  pitch  (feathering) , wind- 
niill  braking  effect  of  these  large  rotors  would  result  in 
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excessive  rates  of  descent.  The  alternative  to  a satis- 
factory power  off  landing  capability  is  crew  ejection. 

Airplane  Mode 

Throttle  cuts  from  level  flight  cruise  resulted  in  no 
aircraft  response  other  than  a rapid  longitudinal 
deceleration . 

General 


Controls 

Pitch,  roll  and  yaw  controls  are  conventional  and  common 
to  both  helicopters  and  fixed  wing  aircraft.  The  power 
lever  motion  is  fore  and  aft  like  an  airplane  throttle  and 
compromises  standard  helicopter  thrust  control  orientation, 
\^ith  the  exception  of  the  forward  cockpit  side  arm  thrust 
control  in  the  Bell  AH-IG  Cobra.  No  problems  were  en- 
countered using  this  control  in  the  helicopter  mode. 

Although  sensitivity  per  unit  displacement  is  greater  than 
a conventional  thrust  lever,  the  side  arm  location  allows 
wrist  action  control  of  minor  power  changes  permitting  pre 
cise  pilot  control  of  the  vertical  axis. 

Vernier  beep  trim  is  provided  on  the  stick  for  pitch  and 
roll  force  and  attitude  trim  adjustments,  while  a mag  brake 
button  on  the  stick  allows  instantaneous  force  retrimming 
in  pitch,  roll  and  yaw.  It  was  found  that  if  pitch  and 
roll  trim  rates  were  optimized  for  good  force  and  attitude 
trimming  in  hover,  the  rates  were  too  fast  for  vernier 
attitude  trimming  in  airplane  forward  flight,  and  vice  ver- 
sa. If  some  compromise  rate  cannot  be  established,  it  is 
possible  the  trim  rate  may  have  to  be  variable  with  q. 

Nacelle  Angle  Control  is  provided  by  a power  lever  mounted, 
thumb  operated,  variable  rate  switch.  The  motion  axis  is 
up  and  down,  functionally  related  to  nacelle  movement. 

It  is  felt  that  this  switch  orientation  should  be  related 
to  resultant  aircraft  response,  rvhich  is  acceleration- 
deceleration,  and  should  therefore  be  actuated  fore  and 
aft.  This  is  the  orientation  in  the  NASA  Bell  XV-15 
simulator,  which  would  be  more  familiar  to  a NASA  evaluation 


Conclusions  and  Recommendations 

1.  Except  for  the  helicopter  autorotative  and  airplane  power- 
off  landing  problems  noted  above,  overall  flying  qualities, 
SAS  on  and  off,  are  considered  acceptable  throughout  the 
flight  envelope. 
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Some  real  world  limitations  may  be  imposed  by  stress/ 
structural  considerations  not  mechanized  in  this 
simulation. 


It^is  recommended  that  for  any  follow— on  evaluation  of 
this  aircraft  simulation,  the  pilot  should  be  provided  a 
simulated  known  aircraft  to  establish  a baseline  of  simu- 
lation fidelity. 

4 . Improvement  of  cockpit  controls  and  instrument  panel  dis- 
plays is  highly  desirable. 

5.  Optimization  of  simulator  visual  and  motion  cues  is  man- 
datory. 


Engineering  Comments 

A CH-47  simulation  will  be  made  available  for  NASA  pilot  base- 
line familiarization. 


The  visual  dicolay  system  will  be  reviewed  and  attempts  made 
to  improve  resolution  and  brightness.  It  is  unlikely,  however 
ttat  much  can  be  done  to  extend  the  field  of  view  since  this 
IS  governed  by  the  existing  television  camera  arrangement  and 
cockpit  display  system.  Work  is  in  process  to  build  an  im- 
proved simulation  visual  system  that  will  provide  forward, 
sidewards  and  downwards  vision.  Unfortunately  this  work  will 
not  be  completed  until  mid  1977. 

It  is  planned  to  try  to  adjust  the  motion  base,  using  a Boeing 
Vertol  pilot,  prior  to  evaluation  by  the  Ames  pilot. 

The  existing  up— down  nacelle  switch  will  be  repositioned  on 
the  throttle  lever  to  operate  in  the  fore-and-aft  directions. 
This  will  involve  some  reworking  of  the  present  throttle  lever 
hardware . 


This  will  be  corrected  for  the  upcoming  NASA  pilot's  evalu- 
ation . 

Space  considerations  on  the  simulator  instrument  panel  may  not 
permit  this,  but  it  will  be  investigated. 

A monitor  will  be  installed  to  provide  the  pilot  with  an  indi- 
cation of  blade  loads.  In  addition,  an  aural  warning  is  being 
considered.  A stall  warning  light  was  provided  during  the 

simulation,  however,  it  did  not  function.  This  will  be  correct 
ed. 
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The  1/4  second  lag  in  pitch  was  subsequently  traced  to  the  P 

visual  system  and  has  been  corrected. 

The  difficulty  experienced  by  the  pilot  in  maintaining  zero  p 

rate  of  climb  was  due,  in  part,  to  the  oversensitive  rate-of- 
climb  meter  as  mentioned  in  Number  5. 

The  cause  of  the  governor  failure  was  traced  to  the  rotor  power  10 
versus  collective  relationship.  This  is  discussed  in  Section 
12.0. 


The  roll  attitude  hold  feature  in  cruise  flight  will  be  modi- 
fied such  that  it  is  inoperative  except  during  feet-and-hands 
off  level  flight. 

Turbulence  level  was  set  at  5 fps  RMS  about  all  axes . 
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The  engine  dynamic  model  used  in  the  simulation  is  that  of  a ^ 13 

single  engine.  Dual  engine  performance  is  simulated  by  doubling 
of  the  single  engine  model  output  during  each  time  frame. 

Engine  failures  were,  therefore,  simulated  by  multiplying  the 
output  by  a factor  which  decayed  from  2.0  to  1.0  in  3 seconds. 

As  stated  in  the  introduction  to  this  section,  the  rotor  math 
model  is  not  yet  validated  for  low  power  descents  or  auto- 
rotation. 

Beep  trim  rate  was  reduced  as  a function  of  dynamic  pressure 
during  the  final  stages  of  pilot  evaluation  and  appeared  to  be 
acceptable . 

The  nacelle  angle  control  will  be  repositioned. 
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3^4.0  rONCLUSIONS  AND  RECOMMENDATION 


simulator  mathematical  model  of  the  NASA/^Y  trlt^_^ 

rotor  aircraft  equipped  with  a ^i"9eless  ro  y 

developed  and  used  to  Pjf  U^^Si 

aircraft's  performance,  handling  qualities. 

The  following  conclusions  are  drawn; 

1.  The  aircraft  has  good  ^./.^yfL^etope^'^w^ 

and  SAS  Off,  throughou  r-ya-Ft  is  easily  controlled 

-fh"s“^  =rir;rt  -rrifad-t-cs,  Lrspeeds. 
control  power  and  ^rtfaS^ 

:?rite^flight"c;ntrol  provides  good  attitude  and  maneuver 
response . 

3.  A wide  speed-maneuver  corridor  ^°"j^gition“and  cruise 

Tiof  anrLuise!*'"c“lo;ed-lX  load  alleviation  systems 
are  not  required  and  will  not  be  used. 


Recommendations  for  Future  Worlc 
1.  TTpriate  of  Simulation  Model 


The  mathematical  an  extension  to 

results  of  design  studies  pro^  Design  Inte- 

rratlofp^sLriity'stuIy  and  chechs  of 

Trrarfh:^::ore:sentrt^^^^^^^^^^  - \ 

recommended  ^^ta  obtained  in  wind  tunnel 

tSffndrr  foit^act  NAS2-9015  (Wind  Tunnel  Test  of 

1/4.622  Scale  Model,  NASA-CR  151 
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3. 


4. 


Additional  wind  tunnel  tests  anri  anai 

formed  to  determine  the  ^nalysxs  should  be  per- 

power  settingHnd  ^ 

math  model  does  not  cover  these^°”* ■ existing  rotor 
adequately  and  new  data  are  reguir?d°t*  operation 

of  validity  of  the  model.  While  the  pilot 

aue  in  lar%“pLTt“o^ILL“":S 

nevertheless,  this  chase  nf  -ft  •:  of  this  region, 

further  investigation.  operation  requires 

SgBtool^l^em  Failure  Simulation  and  v...-,..'... 

Sp©ciQ.li2©d  inodi f ic3tion ^ f“r%  4-T-k^=»  . 

should  be  made  to  allow  r-o  systems  simulation 

(e.g.,  hydraulirpresr^rrCr-^'^a™ 

etc.).  pressure  loss,  hardovers  and  recovery. 


in  the  loop.  This  ‘he  pilot 

updating  noted  in  (1) . ^ general 
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APPENDIX  A - TREATMENT  OF  WING  FLEXIBILITY 

As  described  in  Section  10  the  large  separation  which  exists 
between  the  natural  frequencies  of  vibration  of  the  wing  struc- 
ture and  the  aircraft  rigid  body  motions,  enables  the  elastic 
deformations  of  the  wing  structure  to  be  calculated  on  a quasi- 
static basis. 

In  the  simple  treatment  presented  below,  the  bending  and  tor- 
sion modes  are  considered  to  be  uncoupled.  The  wing  is  treated 
as  a cantilever  with  a built-in  root  end.  The  wing  is  free  to 
twist  about  the  elastic  axis  which  is  assumed  to  coincide  with 
the  nacelle  pivot  line.  The  center  of  mass  of  each  chordwise 
strip  is  also  taken  to  lie  on  the  pivot  line.  The  unloaded 
wing  has  neither  geometric  nor  aerodynamic  twist. 

WING  TWIST 

Spanwise  twisting  of  the  wing  takes  place  under  the  action  of 
the  nacelle  aerodyncimic  and  inertial  moments,  the  wing  lift 
distribution,  and  the  spanwise  distribution  of  aerodynamic 
pitching  moment.  The  nacelle  aerodynamic  moments  consist  of 
rotor  hub  loads,  transferred  to  the  pivot,  together  with  the 
aerodynamic  loads  on  the  nacelle  itself.  Nacelle  inertial 
moments  include  the  gyroscopic  effects  of  the  rotor  drive 
system. 

With  reference  to  Figure  A.l,  Mn  is  the  moment  supplied  or 
absorbed  by  the  nacelle  tilt  actuator.  If  Kq  is  the  wing 
stiffness  as  seen  by  the  wing  tip,  then 

% = Kq  e-j.  (A-1) 

The  total  moment  about  the  elastic  axis  due  to  wing  aerody- 
namics, nacelle  loads  and  engine  gyroscopic  torque  is 
b/2 

T = J m dy  + Mn  + Mgy^-o  ^^"2) 

o 

The  aerodyncimic  moment  about  the  elastic  axis  at  any  station 
y is  given  by 

M = + lx  (A-3) 

where  I is  the  section  lift  and  x is  the  distance  from  the 
quarter  chord  to  the  elastic  axis.  In  terms  of  the  section 
aerodynamic  coefficients, 

m(y)  = ipV^c*  ^nic/4  + 
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The  section  lift  coefficient,  C^,  is  given  by 
dC. 


/]7j2^  

- k (a^  - £p  “ + 6t(y)  ) A-  \1 


(A-5) 


where  oj^ 

“o 
®t 

The  factor  k 


is  the  wing  root  section  angle  of  attack 

is  the  rotor  induced  downwash,  assumed  constant 
spanwise 

is  the  section  zero-lift  angle 
is  the  structural  twist  at  station  y 

ATii 


... ^ introduced  so  that,  for  the  untwisted 

wing,  the  lift  distribution  is  elliptical.  The  value  of  k is 
obtained  from  the  rigid  wing  elliptical  loading  as 


k = 1 Cr 
ir 


(A-6) 


Thus  the  equation  for  becomes,  with  origid  = “R“^p“  ' 

^ “rigid  + 6t  ] (a-7) 

In  equation  (A-4)  we  can  write,  for  low  angles  of  attack. 


and  therefore 

m(y)  = j pV^c 


£Z±  c. 


Cm  + 
"'o 


dCm 


+ c 


(A-8) 


(A-9) 


The  equation  for  the  total  wing  twisting  moment,  equation 
'A-2) , can  now  be  written  as, 

^ “ ^actuator ^gyro  + j pV^c^Cnj^  j pV^c^ 


+ x]  Cj^dy 


dC, 


(A-10) 
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Using  equation  (A-7) , assuming  a linear  structural  twist  from 
root  to  trp  and  performing  the  indicated  integrSions^  thf 
equation  for  total  wing  twisting  moment  becomes 


T = Kq6t  - Wgyro  + x +4pV^c^'^^c/4  + 

Cl  I \ ° 2 1 dc, 

X — ^®t|  (A-11) 


6tt 


equations 


Rearranging,  and  writing  q = qg  (l-C^  ) = i pV' 

s 2 


'"“rigid 

Id^  c 

- lx  Cl^  (l-CTg) 

*^^m  + x' 
i dCL  cj 

CA-12) 


where  Cm^  , the  zero-lift  wing  section  pitching  moment  coeffi- 
cient, is  a function  of  flap  deflection: 


^mo  - Cl  + C26f  + C36f' 


(A-13) 


Knowing  the  tip  value  of  twist,  the  twist  at  any  other  soan- 

obtained  by  assuming  a linear  variation  of 
twist  from  zero  at  the  root  to  the  tip  value. 

WING  VERTICAL  BENDING 

The  spanwise  bending  moment  at  any  spanwise  station  y,  on  the 

on  ® weight,  nacelle  lift,  nacelle  weight  and  net  to?cue 

hendina^mom  n*  ®^^essions  for  each  contribution  to  the 

bending  moments  are  derived  below. 

® Pending  moment  due  to  wing  loading. 

an  elliptical  distribution  of  lift  the  bending 
moment  is  given  by  ^ 

a V2 

M (yi)  * / JUy)  (y-yi)dy 

V, 


(A-14) 
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where  )Iq  is  the  lift  per  unit  length  at  the  wing  root.  Intro- 
ducing the  spanwise  variable  9=cos“l  |2y|  making  the  required 

substitutions  and  integrating,  the  beifeing  moment  at  any  point 
y is: 


M (y)  = 


1 (sin  6-0  cos  9)-  i sin^6 

2 6 


(A-15) 


o Bending  due  to  nacelle  net  vertical  load. 

The  net  vertical  force  on  nacelle  is 
F=F^  - nWN 

where  F®  is  the  aerodynamic  force  and  nW^j  is  the  inertial 
load  on  the  nacelle.  The  bending  moment  due  to  nacelle 
force  is 


M^(y)  = (1-cos  9) 


(A-16) 


o Bending  due  to  wing  weight. 

Assuming  a uniform  distribution  of  wing  weight 
b/2 


M'^(yj^)  = -n  J" 

yi 

and  w(y)  = 

•••  ""<^1'  = -b 


w(y)  (y-yi)dy 


2W/b  where  W is  the  weight  of  one  wing  panel 

n r,  t)/2 

2nW  J (y-y^)dy 


(A-17) 


w nWb  , 

i.e.  (y)  = - (1-cos  9 - 2"  sin^0) 

o Bending  due  to  nacelle  torque  (rolling  moment) 

T(y)  = constant  = T (A-18) 

Total  bending  moment  at  station  y is  therefore 

M(y)  = M^(y)  + MN(y)  + M'^(y)  + T (A-19) 


Assuming  a linear  variation  of  El  from  root  to  tip  given 
by 

1^1 


El(y)  = EIc 


1-a 


= El, 


(1-a  cos  6),  (A-20) 
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the  curvature  of  the  wing  due  to  bending  is 


M(y) 

s 

[(sin  9-0  cos  0)-l/3  sin®0)‘ 

+ F®b 

1-cos  0 

El  (y) 

dy2 

8EIo 

[ 1-a  cos  0 

2EIo 

_l-a  cos  0 

^ nWj^b 

1-cos  0 

nW^^b 

' 1-cos  e - ^ sin^0  ■ 

2EIq 

1-a  cos  0 

2EIo 

1-a  cos  0 

+ -2- 

r 1 

1 

EIo 

1^  (1-a  cos  0) 

(A-21) 


Double  integration  of  this  equation  yields  the  following  ex- 

pressxon  for  the  bending  deflection  of  the  wing  at  any  point 
y on  the  span:-  t'  <- 


z (y)  = 


Lb' 


87TEI, 


8EI, 


8EI 


_ nWv/b ' 
” 8EIo 


o 

Tb^ 
4 El, 


(A-22) 


where  = b* 
4 


H 

^ (sin  0-0  cos  0)- 

isin>e  1 

o 1 

Q 1-a  cos  0 

dy 

*2  - *3  ) ? fEf2|s|-e  dy  I dy 


y r y 

17  / 

o C o 


I 


1'/  f 

y 

r 

1-cos  0 - J 

sin^0  1 

o L 

J 

o 

1-a  cos 

0 

CD 

'fj  i I 


1-a  cos  0 

o Li  i 

and  where  the  wing  lift  (2  wing  panels)  L * t The  function 

pigSe  A^2  obtained  numerically  and  dre°presented  in 


Since 


L = -2  Z 
F®=  - z 

T = - L 


W 

AERO 

N 

AERO 

N 

'AERO 
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where 


nW  = 

1 

T ni  — 

w 

2 w 

II 

c 

^T 

m 

is  the 

w 

m 

is  the 

^WAC 

is  the 

center 

^T 

is  the 

;e  the 

values 

AERO 

m 


” 2 ^AC 


for  wing  bending  in  the  form 
N W 

^AERO  • ”..2  " 


1 

IS,  a. 


^AERO  ■ ^W. 


.N 

■‘AERO 


4 


WAG 


where 


hi  = 

8EI 


47TEI 


K, 


W. 


4ET 


= <02 


8EI 


= 


8EI 


This  is  the  foirm  given  in  the  computer  representation.  The 
bending  deflection  at  the  aerodynamic  center  and  at  the  wing 
tip  are  obtained  using  the  values  of  (^^•*-  appropriate  to 

these  stations. 


VALUES  OF 
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0 «2  ,4  .6  *8  X*0 

FRACTION  SEI-IISPAN 

Figure  A.2.  Wing  Bending  Functions 
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APPENDIX  B - DERIVATION  OF  LANDING  GEAR  EQUATIONS 


Presented  below  are  the  equations  for  landing  gear  forces  and 
moments  arising  from  ground  contact.  The  derivation  accounts 
for  brake  and  friction  forces  together  with  a simplified  re- 
presentation of  the  oleo  dynamics.  Nose  wheel  steering  is  not 
included. 


With  reference  to  Figure  B-1  the  distance  from  the  center  of 
gravity  to  the  bottom  of  the  right  main  wheel  following  a 
positive  pitch  rotation  is 

h„  = X sin  0 - Z cos  0 - r (B-1) 

where  X and  Z are  the  coordinates  of  the  hub  of  the  wheel 
relative  to  the  C.G.  and  r is  the  tire  radius.  If  the  air- 
craft is  now  rolled  right,  through  the  angle  4> , the  bottom  of 
the  right  gear  moves  through  a distance. 

h^  = sin  (j)  + (Z+r)  (cos  (|)-1)  j cos  0 (B-2) 

The  height  of  the  bottom  of  the  wheel  above  the  ground  is 
therefore 


^ ^CG  ^0  ” 


(B-3) 


and  the  oleo  deflection  during  ground  contact  is  given  by 

+h  _h 

h = — i—  (B-4) 

"t  cos  ({)  cos  0 


By  differentiation  of  equation  B-4  and  making  small  angle 
assumptions  regarding  the  aircraft  pitch  and  roll  angles  during 
touchdown,  the  rate  of  change  of  oleo  strut  deflection  is  ob- 
tained as 


h„  = 


^CG 

cos  (})  cos  0 


+ XQ  - YP 


(B-5) 


Assigning  that  the  oleo  response  is  that  of  a second  order 
system,  the  equation  of  motion  for  the  landing  gear  is 

'■g  ' ''st  N * “sT  hi  (B-«) 


where  Kg^  and  Dg^  are  the  equivalent  spring  rates  and  damping 
for  the  oleo,  and  F_  is  the  force  on  the  landing  gear  strut. 
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Tire  Friction  and  Side  Force 


The  friction  force  acting  on  each  tire  during  ground  contact 
is  resolved  into  a force  F along  the  line  of  intersection  of 
the  plane  of  the  wheel  and^the  ground  plane,  positive  forward, 
and  a side  force  F at  right  angles  to  F lying  in  the  ground 
plane  and  positive^to  starboard.  The  friction  force  F is 
assumed  to  be  proportional  to  oleo  force  and  the  amount  of 
braking  exerted  by  the  pilot.  The  side  force  is  proportional 
to  the  oleo  force. 


The  components  of  tire  friction  are: 


F 


y 


F 


s 


(Uq  + B^) 


(B-7) 

(B-8) 


where  Uq/  y-.  and  u are  the  coefficients  for  rolling  friction, 
brake  friction  and^sliding  friction.  Bq  is  expressed  as  a 
percentage  of  full  brake  pedal  deflection.  The  signs  of  the 
forward  and  sidewards  velocity  are  introduced  to  properly 
orient  the  tire  forces. 

The  force  and  moment  contributions  of  each  landing  gear  to  the 
aircraft  total  forces  and  moments  are,  assuming  small  angles; 


AX 

n 

AY 

n 

AZ 

n 

AM 

n 

AL 

n 

AN 

n 


= ^ - ^GZ  ® 

n n 

= ^s  ^ ^GZ  ^ 
n n 

= F 9 - ♦ + F 

n n n 

=-AZ  X + AX  (Z  + r + h„  ) 
n n n n n T_ 

n 

= AZ  Y - AY  (Z  + r + h_) 
n n n n n T 


■■~LX  Y + X AY 
n n n n 


where  n=l,  2 and  3 denote  the  left  main  gear, 
and  nose  gear,  respectively. 


(B-9.) 

(B-10) 

(B-11) 

(B-12) 

(B-13) 

(B-14) 

right  main  gear 


The  total  contribution  of  the  landing  gear  forces  to  the  forces 
and  moments  at  the  center  of  gravity  of  the  aircraft  are: 
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“lG  = I “n 
n=l 

AY__  = I ay 

LG  I n 

n=l 

AZ  « f AZ 
LG  n 

n*l 

^^LG  ' I 

n=l 

^”lg  I “n 

n=l 

™LG  I 
n=l 
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APPENDIX  C - VELOCITY  AND  ACCELERATION  TRANSFORMATIONS 
AND  CENTER  OF  GRAVITY/INERTIA "EQUATIONS 

C. 1 Velocity  Transformations 

The  calculation  of  aerodynamic  forces  on  wings,  fuselage, 
nacelles,  and  tail  surfaces  requires  that  the  angle  of  attack 
and  relative  wind  velocity  at  these  surfaces  be  known.  These 
velocities  are  obtained  most  conveniently  in  terms  of  the  velo- 
city of  the  pivot  reference  point. 

With  reference  to  Figure  C.l,  the  velocity  of  a general  point 
in  the  aircraft  relative  to  the  airplane  center  of  gravity  is 


V = + -Q  X r (C-1) 

- 6t  - “ 

where  r is  the  radius  vector  from  the  c.g.  to  the  point  and  0. 
is  the~angular  velocity  of  the  aircraft.  Thus,  expanding 
equation  C-1,  the  velocity  of  the  pivot  relative  to  the  c.g.  is 

u^  = Xp  + QZp  - YpR 

= ip  - PZp  - XpR  (C-2) 

"p  - ip  + - axp 

where  Xp,  Yp  and  Z are  the  distances  of  the  pivot  from  the 
c.g.,  iiteasured  positively  forward,  to  the  right  and  downwards, 
respectively.  If  we  measure  all  distances  from  the  pivot  loca- 
tion then  Xp  = -X<;g/  ^P  = ”'^CG  = ' 2p  = -ZcG  and  the  velocity 

of  the  pivot  relatxve  to  inertial  space  can  be  written^ 

Vp=U+u^  =U-  Xqq  - QZqq 

Vp  > V V ' = V + PZcG  - XcgR 

Wp  = W + w^  = W + QX^q  - 

where  U,  V,  and  W are  the  components  of  the  velocity  of  the  air- 
plauie  center  of  gravity. 

The  velocity  of  a point  in  the  aircraft  relative  to  the  pivot 
is 
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u = X + QZ  - YR 

V = Y + RX  - PZ  (C-4) 

w = Z + PY  - QX 

where  X,  Y,  and  Z are  measured  from  the  pivot  to  the  point.  By 
adding  equations  (C-3)  and  (C-4)  the  velocities  of  the  follow- 
ing components  are  obtained  relative  to  inertial  space . The 
indicated  distances  are  measured  relative  to  the  pivot. 


Velocity  of  Horizontal  Tail  Aerodynamic  Center 


'^HT 

= Up 

+ 

2ht' 

'^HT 

It 

< 

+ 

Xrt 

Wrt 

= Wp 

- 

Xjjt' 

(C-5) 


'HT^ 


Velocity  of  Vertical  Tail  Aerodynamic  Center 


^VT  “ ^VT^ 

Vyip  = Up  + XyipR  — 

Wyip  = Wp  + XytpQ 

Velocity  of  Left  Wing  Aerodynamic  Center  - Body  Axes 

= Up  + Q (Z^AC  ^ILwaC^  ^ 

’^LW  “ ^WAC^  “ ^^^WAC  (C-7) 

w»  , = w„  - Y„,^P  - X,,^-Q  + h. 

LW  P WAC  WAC  It 

^WAC 


where  is  the  elastic  deflection  of  the  left  wing  aero- 

dynamic center.  The  equations  for  the  right  wing  are  obtained 
by  substituting 


^RWAC ^Lwac 

^Irwac  ""  ^^lwac 
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Velocity  of  Left  Wing  Aerodynamic  Center-Chord  Axes 

wing  angle-of-attack  the  velocity  components 
^®gvired  relative  to  the  wing  chord  line.  If  the  wing 
chord  makes  an  angle  i„  with  the  body  centerline  then 


VLW  = ul,w  cos  i^  - sin  i^, 

'^LW  = viw 

''lw  “ '^LW  COS  iy,  + sin  i 


(C-8) 


w 


J!lbsc?ipt!°"°  obtained  by  changing  the 

of  Left  Rotor  Hub  ~ Body  Axes 


RL* 


Up  + RY^  - Lg  + Qj  ^ 


^NL  Q^l, 


“ vp  + L_ (R  cos  i 


NL  P sin  ijjj^)  - Phj^ 


wp  - PYjj  - Lg  + Q)  cos  ij^j^  + hj. 


(C-9) 


where  Lg  is  the  distance  from  the  rotor  pivot  point  to  the 
rotor  hub  and  hi^  is  the  deflection  of  the  wing  tip.  The  equa- 

siSslitSw^5\r*''-VN!*  Obtained  by  changing  snbscripts^and 
y^eloclty  of  L0ft  Rotor  Hub  ~ Shaft  Axes 

®“°'3yn™io  forces  and  moments  are  functions  of 

^2  ‘ “9l6  and  sideslip,  the  velocity  componenti 

are  required  relative  to  shaft  axes.  ^ 


URL  = uJ^L  cos  ijjL  - w^  sin  ij,L 


'^RL  “ 


''RL  ■ ^NL  '^RL  %L 


(C-10) 


2i2ng?jr?hrsisic;ip?!"°“  ‘>y 

Center  of  Gravity  and  Inertia  Equations 

Equations  are  required  that  express  the  overall  aircraft  center 
of  gravity  position  and  inertias  in  terms  of  the  centerJ  of 
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gravity  and  inertias  of  the  individual  mass  components.  In 
order  to  do  this  a fixed  reference  point  is  chosen  in  the  air- 
craft defined  by  the  intersection  of  the  line  joining  the 
nacelle  pivots  and  the  vertical  plane  of  symmetry  of  the  air- 
craft, see  Figure  C.l.  A set  of  axes  Px'y'z'  taken  at  this 
pivot  reference  point,  parallel  to  the  axes  OXYZ  at  the  air- 
craft center  of  gravity.  If  the  location  of  the  aircraft 
center  of  gravity  with  respect  to  the  pivot  reference  axes  is 
(XA^,  'irc>  2'cg)  (iff  hf)  and  (iw»  are  the  x and  z 

coordinates  of  the  fuselage  and  wing  masses  measured  from  the 
pivot,  then  the  following  relationships  are  obtained  between 
the  centers  of  mass  of  the  components  and  the  aircraft  center 
of  gravity. 


Fuselage  CG  Relative  to  Aircraft  CG 


Xf  = Zf  - Xqq 
Xf  *=  hf  - Zqq 


(C-11) 


wing  CG  iSelative  to  Aircraft  CG 


“ "w  - 4g 

^w  “ ^ " ^CG 


(C-12) 


Nacelle  CG  Relative  to  Aircraft  CG 


1 

COS 

“ 4g 

^NL  “ 

1 

cos 

“ ^CG 

^NR  = 

1 

sin 

^^NR  “ 

- ZCG 

^NL  * 

1 

sin 

“ ^CG 

(C-13) 


where  i is  the  distance  from  the  nacelle  pivot  point  to  the 
nacelle  c.g.,  and  X is  the  angular  depression  of  the  nacelle 
center  of  mass  below  the  nacelle  pivot,  when  the  nacelle  is  in 
the  down  position,  see  Figure  C.l. 
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Aircraft  Center  of  Gravity  Position 

By  taking  moments  about  the  pivot,  the  aircraft  center  of 
gravity  is  given  by 


^CG  = 


m 


+ £ 


( Tir]  cos  (inr-A  )J 


^CG  ® 


nif  hf  + m^^  h^ 

^ li:, 


(C-14) 


+ sin(ijjn-X) 


The  equations  of  motion  (Section  3 ) require  the  first  and 
second  time  derivatives  of  the  center  of  gravity  position. 
They  are  as  follows: 


ijjj^sin  (i„„-A)  + i„^sin 


^CG  “ 


(V 

I m, 


(C-15) 


Center  of  Gravity  Acceleration  Relative  to  Pivot  Point 


_ /!5il  . 

^CG  ~ m|  [iNRSin(iNR-X)  + ^LSin (iuL-X ) + i^^^  cos 


^nr 


(C-16) 


-CG  - 


UNRCos(ijjR-X)  + iNLCOs(ijjj^-X)  - i^LSin 


Pilot  Station  Velocities  - Body  Axes 

The  velocities  at  the  pilot's  station  are  required  in  order 
to  drive  the  visual  display.  From  Equations  (C-3)  and  (r-41 

the  components  of  velocity  of  the  pilot's  station  in  body 
axes  are: 
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^PA  “ Q^PA  - ^^PA 


^PA  “ ^P  ■*■  ^^PA  " ^^PA 


'^PA  = ^^PA  " ®®^PA 


C-3  Pilot  Station  Acceleration  - Body  Axes 

The  pilot  station  acceleration  is  also  required  to  drive  the 
visual  display.  These  accelerations  are  derived  here. 

The  velocity  at  the  pilot's  station  is 


Ypa  “ ^CG  + X 


^£pa 

It 


^ju0j^e  fp is  the  vector  from  the  aircraft  CG  to  the  pilot  s 
station  and  ^£PA  is  the  rate  of  change  of  the  pilot's  station 
It 

with  respect  to  the  aircraft  CG. 

The  pilot's  station  acceleration  is 


2PA 


= (a  X Tp^)  + ^ f 


^G  * 


dt 

6 

6t 

6A 


dt  dt 


dt 


(£  X rp^)  + i X (n  X rp;^)  + 


6t 


6 ^ 
6t 


-CG 


fit 


fit 


a__  t - X t 20  X " ^A  ^ 


fit 


with  ^ * P^  + Qj  + 


= Pi  + Q3  + Rk 


fit 

^PA 


r_,  - (Xj,^  - I + (Vp^  - j + (2pj^  - 2cc)  !L 

‘2^  = (ip,  - 1 * (ip,  - icG>  i " - ^CG>  ^ 


fit 


CG'  - 
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and  noting  that  and  the  time  derivatives  of  Xna»  Yt,» 

zero,  the  above  equation  yields  the  pilot 
station  accelerations  as;  ^ 


's 


+ (Q  + R ) (X^G  - 
CG 

®ypA  “ (P  - QR)  (ZcG  - ZpA>  + (R  + PQ)  (£p^  _ x^g) 

„ , 2 2 

- YpA  (R  + P ) + 2 {PZcG  - RXcg) 


**PA  ~ m (6  + PR)  (2p;^  “^CG^ 

+ YpA  <^'0  - R)  - *0ZcG  - X 


2pA  *'  " ^PA^  + Q ) (Zqq  - Zp^) 

+ YpA  (P  + QR)  + ZQXcg  - ZcG 
where  a^^^,  = etc. 


and  Xp^  - £p^,  the  distance  from  the  pivot  to  the  pilot's 

station 

C-4  Aircraft  Inertias 


The 

is. 


aircraft  roll  inertia  about  the  aircraft 
from  the  parallel  axis  theorem. 


center  of  gravity 


I =1^ 
XX  -^xx 


+ I 


w 

XX 


+ I 


NL 

XX 


+ I 


NR 

XX 


mfZf 


^4 


+ m, 


_2  2 
‘n^nl  ™N^NR 


(C- 


where  etc.,  are  the  inertias  of  the  various  conponents 

about  their  individual  centers  of  gravity. 
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In  the  case  of  the  nacelles  the  inertias  are  dependent 

on  the  nacelle  tilt  angle,  In*  These  inertias  are  related  to 
the  inertias  of  the  nacelle  with  respect  to  a set  of  nacelle- 
fixed  axes  0”xyz  placed  as  shown  in  Figure  3.1.  The  relation- 
ships are 


- ^xxo^  - ^xzo  2i^ 


[N  = iN 

yy  yyo 


^ZZ 


= I 


N 

ZZ. 


sin 


(C-18) 


^xz  “ ^X2^  ^ **  ^zZq^  sin  2i^ 


Using  equations  (C“18)  together  with  (C-13) r (C-ll)  # and  (C“12)  r 
in  equation  (C-17) , the  roll  inertia  becomes 

= Ip...  + + 2l5^  + (iN  - iN  ) (sin^inL  + sin^iMR) 


‘■XX  XX  XX 


XX 


ZZq  XXq 


"NL 


”“wKf^w  ” "'f^f^CG  ” ^^w^CG 


~ ®N^NL^CG  ■ %^NR^CG 


-.3 


- anijjj^Zjgj^sinCij^j^  - X)  + 

= + l".  + 21”.  + (I^_  - ) (sin^ijjj^  + sin^i^^) 


XX  XX 


XX. 


ZZr 


XX- 


NR 


- iJ!,  (sin  2ijjL*«<'«2ijjj^)  + 2 + m^h^Z 


xz. 


N^N  ^ *«£“£*•£ 


"VVw  ’ [^NR  <^NR  - 


ZjjL  Sin  (ij^L 


since  the  terms  containing  Z^q  sum  to  zero. 
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^xz  “ ^xz  ^XZ  ^xz  + cos  2i„„) 


NL 


NR' 


2 ‘^xx„  ■ 2i.._)  + m.l.Z 


ZZt 


NL 


NR 


f f f 


"*■  ■*■  cos  (Inr  - X)  + cos  (Irl  “ ^ 

«zz-  lyy)  = l|x  - 4y  + I?x  ‘ I?y  + 2 (iL^  * I?y„) 


+ sin 


+ ,jN  -.N  s / . 2 . 2 « 

'^xXq  ■ ^2Zq)  (sin  IJJL  + sin  1nr)+  I^z^^sin  2i 
^1nr>  -<Vf^£  -V'  [=NL  <iHL  - 


NL 


+ Zj^j^  sin  (ijjj^  " ■'■  2”^^n 


Similar  expressions  are  obtained  for  Ivv  and  1,~ 
presented  in  Appendix  E. 


and  these  are 
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APPENDIX  D - CALCULATION  OF  SLIP STREAM- IMMERSED  WING  AREAS 

The  wing  arees  washed  by  the  rotor  slipstreams  are  required  in 
the  calculation  of  wing  lift  and  drag.  These  immersed  areas 
depend  on  rotor  shaft  inclination,  wing  angle  of  attack  and  side- 
slip, and  rotor  thrust.  The  equations  presented  in  Appendix  E 
for  the  immersed  areas  Si^  and  Sij^  were  obtained  as  follows. 


The  above  sketch  shows  a rotor  under  conditions  of  combined 
angle  of  attack  (cit.L.^  sideslip  (S)  . The  resultant  angle 

of  attack  of  the  shaft  is  given  by 


OR  = cos“Mcos  a.p^L. 

If  the  rotor  shaft  is  inclined  to  the  fuselage  centerline  at 
angle  ijj  and  the  fuselage  is  at  angle  of  attack  af  then 


“T.L.  = “f  ^N 


(D-2) 


The  rotor  "sideslip"  angle,  z,  is  defined  by 


Z = Tan~  ^ 


Tan  6 
Sin  ot.L. 


(D-3) 


and  is  the  aingle  shown  in  the  sketch. 

Figure  D.l  presents  four  views  of  the  geometry  of  rotor  slip— 
stream/wing  planform  interaction. 

Figure  D.l [a]  is  a view  of  the  plane  taken  through  the  rotor 
shaft  parallel  to  the  aircraft  vertical  plane  of  symmetry.  The 
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Ixne  PT  IS  the  wing  chord,  the  distances  PC  and  h„  are  the  hori- 
zontal and  vertical  coordinates  of  the  pivot  measured  from  the 
wing  leading  edge,  and  £ is  the  spinner-to-pivot  shaft  length. 


Figure  D.l[b]  IS  a view  taken  normal  to  the  rotor  disc  plcuie. 

In  this  view,  the  traces  of  the  slipstream  on  planes  taken 
through  the  wing  leading  and  trailing  edges  parallel  to  the 
disc  plane  appear  as  circles.  This  assumes  that  the  slipstream 
IS  a sheared  circular  cylinder. 


Figure  D.l[c]  is  a section  taken  in  the  plane  containing  the 
rotor  shaft  and  ^e  frees tream  velocity  vector  V . The  angle 
e IS  deflection  of  the  slipstream  relative  to  the  freestream 
direction.  Planes  are  taken  through  the  wing  leading  and  trail- 
ing  edges  parallel  to  the  rotor  disc.  These  intersect  the  rotor 
shaftline  at  the  points  0 and  T,  and  intersect  the  slipstream 
centerline  at  the  points  O'  and  0".  These  points  enable  the 
slipstream  traces  shown  in  (b)  to  be  constructed. 

Figure  D.l[d]  is  a view  taken  perpendicular  to  the  wing  surface 
showing  the  areas  washed  by  the  slipstream.  For  convenience, 
this  view  combines  the  immersed  areas  of  both  left  and  right 

iiriprint  of  the  slipstream  on  the  wing 
Will  be  boionded  in  the  chordwise  direction  by  curves  lines; 
however,  the  approximation  is  made  that  these  lines  are  straight. 

The  immersed  area  of  the  right  wing  panel  is  (assviming  that  the 
tip  IS  immersed) , 


i(PiM  + 
2 

TN)c 

- 

|(PR  + 

RM  + TS 

+ SN)c 

(D-41 

From 

Figure 

D.llb] 

PR  « 

00 ' sin  c 

(D-5) 

From 

Figure 

D.llcj 

00'  = 

= (£-0D)  Tan  (a^-E) 

(D-6) 

From 

Figure 

D.lla] 

OD  = 

PC  cos 

-i^^)  (D-7) 

From 

Figure 

D.llb] 

RM  = 

R'M'  » - O'R' 2 

V ^ 

(D-8) 

From 

Figure 

D.llb} 

O'R' 

* 00 ' cos  C + OP 

(D-9) 

From 

Figure 

D.l[a] 

OP  « 

PC  sin  (i^-  i^)  + hpcos 

D-2 


TRACE  OF  SLlPSTHEAi-l  AT  LEADING  EDGE  PLANE,  DIAMETER  D 


D210-11161-1 


D-3 


Figure  D.  1.  Geornetry  of  Rotor  Slipstream/Wing  Ptanform  Interaction 


D210-11161-1 


These  equations  define  the  leading  edge  intersection  PM.  If 
^ IS  zero  or  negative,  the  slipstream  does  not  intersect  the 
leading  edge  and  the  wing  is  considered  to  be  unaffected  by  the 
slipstream. 


For  the  trailing  edge  intersection,  TN: 

TS  = 00"  sin  z 

00"«  U.  + c cos  (iN-iw)-OD)  Tan  (oj^-c) 

SN  « S'N'  = " 0"S'2 

4 


(D-11) 

(D-12) 

(D-13) 


0"S'  “ 00"  cos  ; + TT ' 
TT'  » OP  - c sin  (iu"iwi 
If  we  write 


(D-14) 

(D-15) 


5^  “ PR,  ^2  » RM,  ^2  = TS,  and  - SN 
then,  using  the  above  equations, 

ll-PC  cos  (ijj-iy^)+  hp  sin{ijj-i„)J  Tan  ) sin  Z (D-16) 


and 


”{  [l-PC  cos  (ijj-i^) +hpSin  (ijj-i^-)  ] Tan  (aj^-c ) cos 


+ PC  sin  + hpcos  } 


{D-17) 


The  corresponding  equations  for  53  and  Za  are  obtained  by  re- 
placing PC  in  (D-16)  and  (D-17)  and  (PC-c) 

Thus  the  immersed  area  of  the  right  wing  panel  is  given  by 

f c (5i  + 52  + 53  + 54)  (D-18) 

From  the  symmetry  of  Figure  D.l[d],  SN=BS  and  RM«AR.  The  total 
immersed  area  of  both  wing  panels  is 


®iT  ~ J ® j c (2?2+254)=c  (52+54)  (D-19) 

and  therefore  the  immersed  area  of  the  left  wing  is  obtained 
from 

“ ^^T  “ ^^R  (D-20) 

The  above  equations  correspond  to  those  presented  in  Appendix 
E for  calculating  immersed  wing  area. 
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Appendix  E 

The  equations  and  control  diagrajns  that  form  the  mathematical 
model  of  the  hingeless  rotor  XV-15  tilt  rotor  aircraft  are 
presented  in  the  following  pages.  Input  data  for  the  model  is 
provided  in  Appendix  F.  The  simulation  block  diagram  is  shown 
on  page  E-6.  Each  element  of  the  diagram  is  numbered.  The 
reference  table  on  page  E-2  lists  the  block  diagram  element 
number,  the  function  of  the  element,  and  the  starting  number 
of  the  pages  containing  the  equations  for  the  element. 
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density  calculaticns 


r 


INPUT:  h 

AIMEND  0 STD  ATMDS 

1 HOT  MMDS 

2 TROPICAL  ATMOS 
OUTPUT:  6,  0,  a,  M,  p 
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• ENGINE  ROUTINE  POWER  AVAILABLE 
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ROTOR  CONTROL  COORDINATE  AXIS  TRANSFORM 

T.RPT 


COS 

t 

(J>^  + Bl 

P **“CL 

sin 

It 

sin 

1 

+ Bt 

P ^CL 

cos 

ft 

cos 

It 

^HL  “ ®lCL 

ic  sin 

^HL 

Bl 

CL 

II 

= Ai  <sin 
■^CL 

It 

C + Bl 

HL  CL 

cos 

HL 

NOTE ; (j)p  is  the  control  phase  angle.  ifp  is  positive 

for  the  control  axis  moved  opposite  to  rotor 
rotation. 

RIGHT 


-ic. 

I 

= cos 

■^CR 

II 

®^CR 

=-a1cr  sin 

+ 

®icE 

^^CR 

It 

= Ai^„  cos 
CR 

^HR^ 

^HR 

®1CR 

=-Ai'cRKsin 

'hr^ 

fl 

Bi  cos 

^CR 

^HR 
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CENTER  OF  GRAVITY  CALCULATION 


C.G.  LOCATION  RELATIVE  TO  PIVOT 


X = mffcf  + ^ ^ ji^ 

m 'm 


cos  + cos 


2 = itifhf  + m^hy,  _ ^ ji%| 

m *m  * 


sin  + sin 


C.G.  VELOCITY  RELATIVE  TO  PIVOT 


i = - it 

CG  'ni  ^ 


/^N 

Z = - i _£i 
CG  Im 


"nl  Sr 


L -X)l 
NR  1 

i -X)l 
NR  I 


C.G.  ACCELERATION  RELATIVE  TO  PIVOT 


X. 


CG 


£ _N 

'm 


2cG  = - " 


%\ 

m ' 


NL 


'NR 


’NL 


sin 

(i  -X) 

+ 

COS 

<i.„  ->) 

NL 

NL 

NL 

sin 

+ 

m 

±2 

NR 

cos 

. 2 

cos 

'V  -'> 

— 

Sl 

sin 

'^nl‘*> 

^NE  '"nr-'* 


- 1 sin  (i  „-X) 
NR  NR 
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FUSELAGE  PIVOT  VELOCITY 


U = U - Z q - X 
P CG^  CG 


V = V + Z p - X^^r 
p CG^  CG 


«P  = ” + ='cg‘>  ■ '‘cG 
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VELOCITIES  OF  AIRCRAFT  COMPONENTS 
LEFT  WING  A.C.  VELOCITY  - BODY  AXES 

^LW  = Up  + + q 

~ ^WAC^  " ^WACP  **  P ^IlWAC 

^LW  = Wp  ” ^WACP  “ ^WAC'^  ^IlWAC 
ROTOR  WING  A.C.  VELOCITY  - BODY  AXES 

^RW  “ ^WAC*^  “ ^WAC^  ^^RWAC 

'^RW  ~ ^P  ^WAC^  “ ^WAC^  " P ^IrWAC 

'^RW  = ■'■  ^WACP  “ ^WAC'^  ^IrWAC 

LEFT  ROTOR  HUB  VELOCITY  - BODY  AXES 

ok  ' Op  - Os  Si"  isL  <iuL  + <I>  + 9 hij^ 

ok  ' Op  + Lj  (r  cos  + p sin  - p hi^ 

• • 

"k  = Wp  - p - Os'^NL  ^ ‘J>  ijIL  + ’'11 

RIGHT  ROTOR  HUB  VELOCITY  - BODY  AXES 

« 

Orr  “ Op  - r Yjj  - Lg  sin  ijjp  (i^^p  + q)  + q hip 

ok  ' Op  + Lg  (r  cos  ipp  + p sin  i^p)  - p hip 

"k  ' ”p  + P Or  - Lg  (ipp  + q)  cos  ipp  + hip 
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LEFT  ROTOR  HUB  VELOCITY  - SHAFT  AXES 


Url 

= 

cos 

^NL 

Vrl 

= 

Wrl 

= Url 

sin 

inL  + "rl 

^NL 

RIGHT 

ROTOR  HUB 

; VELOCITY 

- SHAFT  AXES 

’^RR 

“ Urr 

cos 

^NR  " '^RR 

iwR 

^RR 

= Kr 

Wrr 

~ ^RR 

sin 

^NR  ^RR 

iNR 

LEFT  WING  A.C. 

VELOCITY  - 

■ CHORD  AXES 

^LW 

cos 

S - ”lw 

Vlw 

= Vlw 

WlW 

= Ulw 

sin 

iw  + Wlw 

iw 

RIGHT 

WING  A.C. 

VELOCITY 

- CHORD  AXES 

Urw 

- Urw 

cos 

iw  ” %W  sin 

iw 

Vrw 

• Pi 
> 

II 

%w 

= uiw 

sin 

iw  %W 

iw 
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HORIZONTAL  STABILIZER  A.C.  VELOCITY  ” BODY  AXES 


U 


HT 


= U. 


'HT 


V 


HT 


^HT^  ■ ^HtP 


WgT  - Wp  - 


HT' 


VERTICAL  FIN  A.C.  VELOCITY  - 
RIGHT  FIN 


^vtr“  ^vt*5 


BODY  AXES 
Yvt^ 


^VTjj“  ^P  ^VT^  ■ ^VtP 

“ ^VT^^  ^VtP 

LEFT  FIN 


^VTl  “ + Yy^r 

^VTl  ~ ^VT^  ~ ^VT^ 

WvTl  " ^P  " ^VT^  - 
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WING  AERODYNAMICS 

CALCULATE  ROTOR  INTERFERENCE  TERMS: 


trr  = C(RR 

RrR  = Tr 

T7  — 

^RR 

*R  ■ /I 

Rrr 

1+10 

V±R  = 


v/  2pA 

V*  + 2 V*  v| 

R R *R 

r 

= Kc  Tan'i 


./ 


^RR 

2pA 


r2 


COS  = 1 (Solve  for  v*^) 


R R 


•p  ■ ^S 
RR 


-/Wrr 


CtS 


RR 


UrR 

cos  (trr  - cirr) 

cos  - Urr)  + v2 


limit  90° 


^LR  “lR 
^LR  " ^L 

Vlr 

V*  = /I^lrI+10 

L V 2pA 


Vi 


= V*, 


RlrI+10 

2pA 


+ 2 V. 


cos  T + v2  vl 
L L 


1 (Solve  for  V*  ) 
L 


e 


LR 


C 


TS 


LR 


Kg  Tan"^ 


SHEl. 

2Vi  + Ul 
L R 


cos  (tlr  - aLR) 

^^LR  “ “Lr) 

L 

4 


limit  90° 
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= Tan"^  [Vrr/(Wrr  + ewRR  Urr)  1 

ilK 

'hl  “ tW^RL  + 'URL  «Rl)J 


Used  in  rotor 
trans  formations 


5 ~ ^5hr  + 5hl)/2 


“ ^^PRR  ^PLR^/2 


R 


Dc  = 


(ttRR  + aLR)/2  iw  = (iNL  + iNR)/2 

0.25 

I m2  4-  ^TT + ^ ^ I 

D 


"Ir  + '“rR  ’'iR> 


”rr  ^ ‘“rR  ^''iR>  ' 


^R1 

= 

- PC 

Cos  (ij^  - 

iw) 

+ hp 

Sin 

(iN  - ■ 

iw) 1 Tan 

rp  sin  5 

^R2 

= 

V 4 

- 

j^Ri  cot  T - 

- PC 

Sin 

(ijsi  ■ 

- iw)  + 

hp  Cos 

(iN  " iwj  ^ 

If 

^R2  1 ^ 

1 or 

imaginary , 

set 

^R2 

= 0 

and  Cri 

= 0 

If 

l^pl  > 

89“ 

set  =89° 

and 

^R2 

= DS 
T- 

Form  5r3, 

5R4 

by  setting 

PC  = 

= PC 

If 

^R4  1 ^ 

) or 

imaginary. 

set 

^R4 

= 0 

and  Cr3 

= 0 

% 

= Dg/2 

o' 

= Sv  - 

PC  -t 

■ % Cos  ^P 

- (Ls  Sin  ^P 

+ ^P  Cos  - 

- ^P) 

w 

Sin 

(In 

ep) 

If 

1 

set 

= c 

If 

set 

= 0 

D210-11161-1 


Si  - ^R3  ^RA^“  S^ 

RW  R 

(Si/S)RW  = 2 (Si^/S„) 

Si^  = l?R2  + ?Ra1 

Si  = Si  - Si  = Si 

^LW  T R L 

(Si/S)Lw  2 (Si^/S„) 


(ARi)Lw  - (Si^/c2  ) 

(^^±)rW  = ^Si^/C2  ) 

AR„  = S„/c^  (FROM  PREPROCESSOR) 


^^Lai/^La^LW 


^ ‘"Law 


^^Lai/^La^RW  “ 


Kal 


K 


AR 


, + Cj_„„  tl/<ARi)j„ 


V*  + (C  /C  ) V* 
L Lai  La  LW  L 

V£  + v£ 

^R  ^‘"Lal^^Lg^RW  ^R 

V*  + V* 

R R 


- 1/AR^l 

-TT^ 
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= 0.5  p 


LW 


Sin  (ifg  - i^)  ] 2 
L L 


+ [Utw  + 2vi  Cos  (i^  - iw)  ] 


2 


qc  = 0.5  p 
^RW 


'V  ■ 


+ [Uj^„  + 2Vi  COS  (ijj  - i„)]2 
R R _ 


/2 


LW 


qp  = p (U2  + V2  + w2)/2 


^SRW 


qp 

qsRw 


^SLW 




qsLw 


a_ 

‘3s 


c 

c 


‘3SRW 


/2 

‘3SLwJ 


Wing  height  for  ground  effect: 

^Wc/4  ~ “^DOWN  ^%AC  “ ^CG)  Sin  0 + {Zqq  - ZwAC)  Cos  6 
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WING  ANGLE  OF  ATTACK  AND  SIDESLIP 


“lwo  = 


-1 


«RWO  ' 


-1 


“rwo  = 


^LWO  “ ^ 


- 1 


- 

^LW 

+ ^,1 
LW 

w n 

RW 

+ 

+ w^ 
'^RW 

+ 

p 

Vlw 

U“lw 

+ v2  + 
LW 

W2 

LW 

p 

^RW 

_ j^RW 

+ ''rw  + 

w^w 

^tLWAC 


tRWAC 


W 


^°^LWO  ^RWO^/^ 


a'  = a - i — 

LWO  LWO  W tLWAC 


“rwO  ■ “rWO  " ^W  ■ ® tRWAC 


“lwsso  = 


^LW  - (^NL  ~ ^w) 

UlW  + 2ViL  Cos  (Inl  - iw) 


‘RWSSO 


= tan 


- 1 


Wrw  ~ ^^^R  sin  (i^R  - i^) 
Urw  + 2Vij^  cos  (Inr  - iw) 


® tLWAC 


® tRWAC 
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CALCULATION  OF  INCREMENTAL  LIFT>  DRAG  AND  MOMENT  COEFFICIENTS 


CALCULATE ; 


'LLWr 


® ^LW ' ^ ~ ^ T TaT  +5 


SS, 


LW 


^DLW-  “ ® ^ * ^LW 

U bbQ 


C — a /6  = 5 + 6 

LRWfl  L «« 


^drWq  ~ ® “ “ “RWgs  ' ^ 


RW  ^ f ■ 


c*  =C@a=a  ,5 


LLWq  l 


^ LW 


C*  „ =C^@a=a  ,6= 

DLWn  D LWn 


^ LW  + 


@ a = a_  , <S  = 5 +5 


LRW 


RWr 


^SrWq  - ® = “rWq  ^ <5  = « RW  + fi. 


= Cl  @ 01  = oip+i^  , 6 = 


USING  THE  FOLLOWING  EQUATIONS : 
AC, 

1*  r 


2ty  5 

V| 

0 

0 

6 £ 62) 

ag  + ag6  + a^Q62 

(62< 

6 < 63) 

(6  > 

^29  1^1"^  ^30^^ 

(0  < 

6 £ 65) 

213  + 3>2  2 5 

(5  > 

65) 

*D0  for  i = 90®  and  0®;  interpolate  linearly  for  i 
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NL 


ao  + a^_5 


= a- 


a 


NL 


a3  + a^6 


= etc 


If  a“j^  1 “ 1 calculate; 


(0°  1 6 1 ^l) 

(6  > 6i) 

(0“  1 6 6i) 

(6  > &i) 


Cl  = ag  + a + ACl^ 

Clwi  ""  Cl 

ClW2  " '-LWi  “ ^CLg 

+ 2126  ClW2  + ^27  c£wi  + ^28  (ClWi  " ClW2^  ^ 
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“NL  “NL  ^18  calculate: 


NL 


^6  ^La  °^NL  ■'■ 
W 


» = a — a"*"  + a 

DUM  NL  0 


^20  ^21  “DUM  ^22  “dUM 


- Cl  + ACl 
NL  NL 


'LW,  ■ + Cf,  a + ACl5 

1 aW 


^LW  ^6  C^  a 
2 W 


=D  - CdO  + *26  ClW  + *27  c£w  + *28  (^lw  ' Cim  > " 

^ 1 1 2 


6 SP 


“jjL  '*’  ^18  ^ ^ 90°  calculate: 


Cl  - (^6  C£^  uJl  + ACl  ) (90°  - a)/ (90°  “ - a,.) 

W 6 NL  18 


“2  = “nL  ^18 


^LWi  ^6  “2  + "C^^ 


^LW  ^6  ■'■  ^La  “2 
2 W 
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+ 326  + 327  ^LW  + ^28  (^LW  “ ^LW 

1 W 2 1 12 


+ AC 


'DO; 


Ct>  — Cj7  + (1«2  ~ Crj  ) {a  ~ cto)/(90°  ~ ®o) 

1 1 

If  - a^g  ^ “‘nl  calculate: 


C'  = a^  + C'  a“  + AC. 
L„t  6 L NL  L 

NL  a , 6 

w 


“duM  “ “nL  ^3 


“ ^2  3 ^2  4 “‘DUM  ■'■  ®25  “dUM 

NL 


NL  NL 


^Lw,  - ^6  + a + ACl 

*^1  “W  6 


CLw  - ae  + Cl^  a 


W 


^ ^26  ^4^  ^ a27  -H  323  (Cl^^  - Cl^ J ^ 


"W2 


+ ACr 


If  -90°  ^ ^ “jjL  ~ a^^g  calculate; 

“1  ^ “NL  " ^19 


^L  = ag  + C£  oinl  + 

NL  a.  6 


w 
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“DUM  = “ - ctNL  + ^3 


^ ^2  3 ^2  4 “‘DUM  + ^25  “6uM 

NL 


C 


L 


Cl  + ^Cl 
NL  NL 

Cl  (90°  + a)/(90°  + a,) 
^L  ^ 


(a^aj) 

(a<a^) 


= »6  + Ci„^  n + 'Clj 

'*'  ^26  ^Lw_  ^ ^27  ®28  ^^Lvj  ” 

1 O 2 1 12 


+ ACr 


'D  “ Cdj^  ~ (1.2  - Cj5^)  (a  - a3  + ai9)/(90°  + a3  - a]^g) 


Stall  warning  logic: 


a+  = 14  + 6 (.000122  i^r 

stall  N 


- .058)  0 < 6 < 122' 


= 9.42  + .0150  i 


N 


6 > 122' 


“ ^ ,7  = -21 

stall 


Actuate  warning  if 

exther  < “rwsso  ^ “stall 


or 


“stall  “rwo  “stall 


E-32 


D210-11161-1 


CALCULATE : 


Cm 

**LW 

= Ch 

@ a 

= “lw„  ' ^ = 

55q 

6f  + 

6 

®LW 

"rw 

= ^M 

@ a 

= a » 6 = 

RW„5  ' 

&&0 

6 

®RW 

* • 
I-Wo 

= Cm 

@ a 

= oLWq  ' ^ - 

5f  + 

®LW 

= Cm 

@ a 

= aRWo  ' ^ - 

5f  + 

*®RW 

FOLLOWS 

: 

If 

a < 
1 * 

a <_ 

a 

2 

Calculate 

= br.  + ® 

2 3 

AC^  = + bg  5 

5 

+ be 

5 2 + b-^ 

^M 

- C^  + ACjj^ 

If 

a > 

“2 

“ ^2  '''  ^3  '^2^ 


C = C'  (90  - a)/(90  - a) 

MM  Z 


If  a < a. 


C = b + b a + AC 
M 2 3 1 M. 


(90  + a)/(90  + a,  ) 
M rl  ^ 
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CALCULATE : 


LW 


'RW 


Cl  ' 

^LWO 

c*  * ^ 
\w 

II 

o 

a 

t-* 

c ’ 
”lw 

= 

”lw 

~ Ct  ; 

^RWO 

c'” 

^»RW 

^^RW' 

c ' 

"RW 

II 

n 

?d 

dll. 


c’l 


LWMAX  "^MAX 
C 


Cl  M A V + ACl  + ACl 


SP 


RWMAX 


Lmax 


SP 


Cl' 

^RW 

= C?  • C*' 

^RWO'  I^RW 

= cJ  ' • r*  - r-*  ' 

®RWO  ' 

-- 

Cl' 

^LW 

" ^°LWO'  ^“lW  " ‘^\W0 

— 

^LWMAX 

= c£ 

LWMAX 

PGFW  = ^ 4 

— 

C* 

^RWMAX 

= c" 

^ RWMAX 

2 + /A^  (1  - m2)  + 4 

= Clq.  (ag/a)w  X PGFW  ; (ag/a)^  = (h^c/4^ 


CjIGE 

‘•LH 

f r 1 

(ag/a)w  X PGFW  . 

^KE 

= C*L 
^LW 

(ag/a)w  X PGFW  ; 

'RW 


'RW 


X PGFW 


,*IGE  *' 

'Lrw  " ^Lrw  <^9/a)w  X PGFW 
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TGE  IGE  » * * 

AC*'  = K (C*  - C 1 

DLW  99  LLW  LLW 


w 


IGE 

AC* 

DLW 


IGE 

K (c*  - c**  ; 

99  LLW  LLW 
IGE 


IGE 

'lrw  - '-lrw  max 


IF-  C'*  > C" 

• ^T-nT.T 


IGE 

IF:  C*  > C* 


LLW  - LLW  MAX 


IGE 

« II 

'DLW 

IGE 

1 1I 

'DRW 


IGE 

; SET  AC* 

DLW 


IGE  IGE 

IF:  C*  > C*  ; SET  AC* 

LRW  - LRW  MAX  D 


IGE 

IGE 

1 1 1 

= K 

(C" 

- C 

DRW 

99 

LRW 

LRW 

IGE 

IGE 

;*  = K 

(C* 

- C*’ 

DRW 

99 

LRW 

LRW 

IGE 

II 

o 

* 

o 

& 

II 

U 

*^LLW  : 

IGE 

o 

• 

o 

II 

Sc 

C"  = 

LRW 

C^RW 

IGE 

= 0.0 

& 

C* 

c* 

f 

LLW 

LLW 

IGE 

= 0.0 

Sc 

C* 

C* 

} 

LRW 

LRW 

w 


w 


IF:  (ag/a)  > 1 

.0 

; SET 

K99  = -1.0 

(ag/a)  £ 1 

.0 

; SET 

Kgg  = +1.0 

CALCULATE 

IGE 

C" 

C" 

LLW 

LLW 

1 1 1 

IGE 

C" 

= 

C -1 

- AC" 

DLW 

DLW 

DLW 

IGE 

C" 

C" 

LRW 

LRW 

t 1 t 

IGE 

C" 

— 

C + 

AC" 

DRW 

DRW 

DRW 

IGE 

C* 

r= 

C* 

LLW 

LLW 

IGE 

C* 

= 

C*  ’ + 

AC* 

DLW 

DLW 

DLW 

IGE 

C* 

=z 

C* 

LRW 

LRW 

IGE 

C* 

= 

C*  ’ + 

AC* 

DRW 

DRW 

DRW 
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" “LWO  " “LWSSO 
" “rwO  " “RWSSO 


^LSLW  ” 


fill 

s 


(^LLW  ^T.  - Cf^T.W  sin  Xt.) 


LW 


DLW 


^LLW  *^^^SLW 


-(i^ 


LW 


*^LSRW 


Si| 

S 

\ / 


RW 


^LRW  ^/^SRW 


^^LRW  ^R  “ ^DRW  ^R^ 


1-1  — 

S / RW 


^DSLW  - ^A 


^1  (C"^„  sin  cos  Xt.) 


LW 


LLW 


*^DLW  ‘^'^^SLW 


^DSRW  - ^A 


Pi 


1 -(|il 

1 LW 

r ) 

*— 

. 

«=Lrw  * '=Srw  ^'r* 


RW 


'*’  ^DRW  ‘^^^SRW 


-M 


RW 


^MSLW  “ ^A, 


/fi\ 

,S  1 

\ / LW 


(C"  + C*  q/q 

MLW  MLW  ^ ^SLW 


1 - ik 


LW 


^MSRW  ^A^ 

(!i' 

<‘^MRW  ‘^MRW  ■J/qgRW 

fi  - (!i' 

S 1 

R 

\ i 

RW 

\ 1 

RW 
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FORCE  AND  MOMENT  TRANSFORMATIONS 
FROM  WING  A.  C.  TO  ELASTIC  AXIS 


PITCHING  MOMENT 


^SRW  " '^SRW  ^F  ' ‘^SLW  = ^SLW  COS  Sp 


k/jRW  — P a ' _ y 

”aERO  ■ ^MSRW  ^^SRW  — %AC  ^AERO 


RW 

^WAC  ^AERO 


M^^  = C 

AERO 


Sw 

^CTTa7  O 


MSLW  ^SLW  2 
LW 


^WAC  ^AERO 


w 


LW 

^WAC  ^AERO 


VERTICAL  FORCES 

2^rO  C“^LSRW  cos  sin  “rwoI  ^SRW 

^^RO  ^"^LSLW  “lWO  “ ^°SLW  “rWO^  '^SLW  ~ 

NOTE;  and  ARE  USED  IN  VERTICAL  BENDING  EQUATIONS. 
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WING  FORCE  AND  MOMENT  RESOLUTION  - BODY  AXES  AT  C.G. 

^"^DSLW  “lWO  ^LSLW  “LWol 

^"^DSRW  “RWO  + ClsRW  sin  a^woJ  ^SRW 

^^RO  " "^DSLW  qSLW  Sin  6p  cos 


^^RO  " "^DSRW  "3sRW  sin  6p  cos  |W 


,LW  = 7LW' 


AERO 


AERO 


ZRW 

aero 


= zRW 


aero 


3t 


w 

aero 


^^20  ^21  ^in  '*’ 


RW  _ LW  - 
aero  AERO^  AC 


„W  „LW  RW  , LW  RW 

^AERO  ^AERO  '''  ^AERO  ^CG  ^^AERO  ^AERO^ 


_ 7 /yLW 

^CG  ^^AERO 


+ ) 
■^AERO^ 


N 


W 

AERO 


,LW 


,RW 


^^AERO  ~ ^AERO^  ^AC  ^W  i*W  ^*^22  ■*■  ^23  c£)  sin  3p 
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HORIZONTAL  TAIL  AERODYNAMICS 
TAIL  ALTITUDE  FOR  GROUND  EFFECT 

^Tc/4  ~ “^DOWN  (^HT  ” ® “ ^HT^  ® 

*'AC  “ %AC  “ %T 

GEF  = [b„"  + 4 (h^^/4  - h^^/4)^]/[b^"  + 4 (h^^/4  + 

ROTOR-ON-TAIL  INTERFERENCE 

V±  = (ViL  + V±r)/2 

ViHT  = KhS  Vi  (^3  I i) 

WHERE  T = (Lg  cos  - Xjj^)/Up 

— '' “ ^2  ^N'  ^F^ 

and  Kjjg  = fg  (|  BpI  , 1^) 

^’hT  %T  ^iHT  ^N 

Wr-P  = Wy,p  - sin  ijj 

^HT  ^ ^ ^^'hT^  ^HT^  ■'■  '^'hT  ^ 

DOWNWASH  ANGLE 

e = [e^  + |£  (a„  - W/U^)]  (1-GEF) //T=m" 

WHERE  £q  = (Ijg,6)  = 2.55  -.0303  ij^+4 .56x10”^!^  +.06736-3.609x10  ^6^ 

= f5(iN/<S)  = 0.317+. 00078%  +1 . 008x10"^  1 6 | -5 . 567xl0"®6  ® 

FOR  ayi  > 16°,  e = e@i6  (1- (a-16) /12) 

<-16®/  £ = £0-lg  (1+ (ot+16) /12) 

l^wl  > 28°  £ = o 


E-39 


D210-11161-1 


HORIZONTAL  TAIL  LIFT  AND  DRAG 
-1 
-1 


*°‘ht  ^ht  ^ ^^'ht^^'ht^  u>0 


a 


ht, 


Irt  + Tan  ^ ^^'ht/^'ht^  U<0 

“^STALL  ® 

“HT-  ^“^“‘HTstaLL  “ ■'■  ■’^HT 


^La  = (ag/a)jj^  X PGFHT 

WHERE  (ag/a)jj^  = PGFHT  = - 


2 + /AR^t  + 4 


2 + /AR^^(1-mM+4 


IF: 


""Lht  = “®HT  " 


^HT 


IF:  ajjip 


-HT 


-HT 


■^HT 


Cl 

Ljjt 

A 

P 

D 

A 

O 

0 

-ht  - 

. ^ *^La  “HT^ 

(90* 

' “ ^La 

“HT+ 

STALL 

1 

STALL 

+ C; 

I I ' “c 

^HT^HT 


LH8  • ^'  ' “®hT 


-HT 


STALL 


/ TrARjjfpEjj^ 


Cd  = Ctn 
''^HT  %T 


^ (oSht  - SHT^jd.l  - 


STALL 


90“  - a 


HT^ 


*This  form  to  be  used  for  resolution  of  forces  and  moments 
only.  If  |ajj^|>180“,  cxht  ~ “(sign  ajj^)  360*  + ajjrp  and 
use  this  value  to  obtain  forces  and  moments. 
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HORIZONTAL  TAIL  LIFT  AND  DRAG  (CONTINUED) 


IF;  90"  < a, 


-HT 


(180"  “ »5  ^ 


C,  = -5  C a - irvf  //  ww 

Lht  La  HT_  6^^ 


'Lr 


HT 


(a^  - 90")/(90"  - .5  a„^  ) 

= ,5  Clci 


STALL 


HT, 


STALL 
*^^HT  “ ,^°HT 


^^STALL  HT 


STALL 


+ + -5  «ht_  “ 180"!  |l. 

(.5  ^hT  - 90") 


IF:  (180"  - .5  a^^_)  < < 180' 


Ct  “ Ct  a (cie  ~ 180") 
^HT  ^ HT 


Cdrt  “ ^D°HT  ^L^j/'^^^HT^HT 


IF:  -90  < a^^^  < _ 

CLrt  = ^La  “HT-  ^"90°  " “eR^)/(-90“  " “HT.^ 


Cl 


HT 


= CLa  «HT 


STALL 


'“»^STALL  ' ^ '"'■“^STALL 


Cn  = ■'■  “e 

“hi  I HT 


/’tARht^HT 
“HT_|j^*^  " 


STALL) 


(-90"  - Ort  ) 


STALL 
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HORIZONTAL  TAIL  LIFT  AND  DRAG  (CONTINUED) 
IF:  (-180“  + <-90“ 


= CLa  + 180“) 

Cdrt 
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VERTICAL  TAIL  AERODYNAMICS 
ROTOR  ON  TAIL  INTERFERENCE 


^iRT  - 1 


i ” 
^VT 

'1  (tS+1) 

U± 

V. 

COS  Jl^  ^ 

VTL 

VT 

for 

5®  < 

3p  < 28» 

[ " ° 

W± 

*-V. 

1 

sin  % J 

and 

for 

iBpIl  60» 

VTL 

VT 

u± 

VTR 

VT 

for 

0 

00 

CM 

< 3p  ” 

i = 0 

W± 

-v± 

sin  ijj  J 

and 

for 

ISpI  L 60 

VTR 

VT 

Vl  = 

^VTL 

+ 

VTL 

l^VTR 

+ 

VTR 

V^L  = 

V 

VTL 

^WR  ~ 

VvTR 

Wvtl 

'^IvTL 

W^R  = 

WvTR 

'^I'VTR 

^VTR  = 1/2  P 

^VTL  " ^/^  P ^I'WL  ^WL  ^WL^ 


= dF 
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FIN 

SIDESLIP 

ANGLES 

^VTR 

= Tan“^ 

1 

V //u'^ 

VTR'  VTR 

+ W'^ 
VTR 

^VTL 

= Tan"^l 

1 

^ ^wl/ ’^VTL 

+ ^VTL 

FIN  ANGLES  OF  ATTACK 

*^VTR  ~ ~^VTR  ^ These  values  to  be  used  in 

resolution  of  fin  forces 

“VTL  ~ ~^VTL  ^ 


and  moments. 


FIN  LIFT  AND  DRAG 

For  ttyj,  = and  obtain  Cp  , , Cy  , Cy 

VTR  VTL  VTR  VTL 

as  follows 


IF:  |ayj,|  >180®;avT  " ^VT  "(sign  a^)  (360°)  NOTE:  This  value 

a 


a, 


VT 

VT. 


(otyr  ^ '^RUD^ 


= (a 


VT 


CXyr  ^O^VT 


1 " 

2®) 

+ T ' 

6 

STALL 

VT 

ROD 

STALL 

2®) 

^VT  ^RUD 

of  av>p  only  used 
in  calculation  of 
force  and  moment 
coefficients . 


^ 2 t I^^RxTm  + 4 

^Ya  ^ ^ PGVT,  PGVT  = ^ 

“vT  2 + /AR^  + 4 

VERTICAL  TAIL  LIFT  AND  DRAG 

IF:  < a < 

VT  --  e VT 

“ VT  + 


VT  a ®VT 


^VT  “^Vt'  '™"VT 
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VERT TPAT.  TAIL  LIFT  AND  DRAG  (CONTINUED) 


if:  i 90’ 

Cy„  = '^Yc  “VT^.  ■ “vtI 


*VT 


= Cyot  Q^VT 


STALL 


= Cyy  + (a<>  ” ®VT  ) (1*1  ” 

%T  '"vTstALL  ^ 


stall 


) 


(90“  - dy^^) 


IF;  90°  < a, 


tvT 


s 


VT 


5(180° 

_ 1 

VT 

5 ^Ya  “VT_ 

(“e. 

= -5 

“VT 

‘VT 


STALL 


Cy„  = =DO„  + =Y 

STALL 


VT. 


/itARvt^VT 


=»,T  “ ■ — VT 


STALL 

+ (ae  + “VT  " 180°) (l.l  “ Cd 

' w TT  m _ 


VT 


(180^ 

- .5 

ay T_  ^ 

- “®VT 

Cy 

^VT 

It 

o 

>< 

p 

(otg, 

^VT 

- 180°) 

= Cdo 

+ 

VT 

(.5  ayT_  - 90°) 
< 180° 


) 

STALL 


E-45 


D210-11161-1 


VERTICAL  TAIL  LIFT  AND  DRAG  (CONTINUED) 
IF: 


-90“  < a 
— e 


< a 


VT 


VT- 


“VT_  ) 


VT 


VT 


Cy 


VT 


- Cya  otvT 


STALL 


'VT 


= C' 


STALL 


DOyx 


VT 


STALL 


/ ■JrARyx^y  X 


'D 


VT 


= Cr 


'VT 


STALL 


<“evi  • “VT-1  (1-1  - ) 


STALL 


(-90“  - ayx_) 


'Yvt 


5 At,  ^ 

< a 

+ 

®VT 

^Ya  “VT4. 

(Olo 

evT 

“ .5  Cycx 

“VT^ 

< -90* 


‘VTj 


^VT 

STALL 

^^VT  ~ ^ 

STALL  VT 


STALL 


/ 7rARy»|iEy»ji 


^VT  ^VT 


~ (a. 


STALL 


-VT 


+ 180“  - .5  (1.1  - Cp 


VT 


(.5  a 


VT+  - 90“ ) 


IF:  -180“'c  ae  < (-180“  -I-  ,5  ^VT  ) 


Y„^  = Cy„  (a.  _ 180“) 


VT 


VT 


CDy.j.  = Cdo^^+  Cy^^^AARvxE 


VT 


VT 


) 

STALL 
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TAIL  FORCE  AND  MOMENT  RESOLUTION  TO  C.G. 
HORIZONTAL  TAIL 

tIrt  ~ ’^VT  “ ^9  “F'  ' ’^HT  ” 

HT 


\ero  L 

-^DHT 

^ ^HT  ""  cos  (B 

VT 

o)  + sin 

^“ht 

^HT^ 

‘^HT 

®HT 

'^HT 

HT 

^AERO  = 

-Cdht 

( 3vt  “ 

5ht 

Srt 

Hht 

HT  1 

(Bvt  “ 

^AERO 

"‘-LHT 

(aRT  “ Irt)  “ 

^DHT 

1 COS 

(aRT 

Irt^ 

qRT 

^HT 

n^T 

/"  = 
"^AERO 

HT 

"^AERO 

HT 

^CG^ 

HT 

HT 

HT 

^AERO  ^AERO  ” ^HT^  ^ ^AERO  ^^HT  ^CG 


HT 


HT 


^AERO  ^ “^AERO  ^^CG  " ^HT^ 
VERTICAL  TAIL  - RIGHT  FIN 
VTR 


'‘AERO 


-Cr^TTmT,  cos  (&YTR  “ ^ “HT  “ ^HT^  ‘^YVTR 


'DVTR 

(^VTR  “ ^“HT  “ %T^ 


— C * 

‘iVTR  ^VT  ^VT  B 


VTR 

^AERO 


VTR 

^AERO 


*“YVTR  ^ ^VTR  ~^DVTR  ^ ^VTR 

^VTR  ^VT 

"SVTR  ^^VTR  " ^“hT  " ^HT^  " ^YVTR 


Sin 


^^VTR  " ^“hT  ■ ^HT^ 


‘^VTR  ^VT  ’^VT  '^B 
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VERTICAL  TAIL  - RIGHT  FIN  (CONTINUED) 

Repeat,  with  subscripts  changed,  for  left  fin. 

vy?  VT 
^ AERO 


M 


,VT 


(ZvT 

Z ) 4.  Y^^  > 

^CG^  '^AERO  ■*■  ^AERO^ 

- ) 
^AERO^ 

^VT 

^'^AERO 

VTL  \ - X ) 

^AERO^  '-^CG  ^VT^ 

'^AERO  ^ 

“^AERO^ 

(ZvT 

_(yVTL 

'AERO 

VTR 

^AERO^  ^^CG  “ ^VT^ 

+ . 
'^AERO 

- X^^  ) 
AERO^ 

^VT 

AERO 

VT 
N 

^^AERO 

TOTAL  TAIL  CONTRIBUTION 

jjT  ^ VTR  HT  VTL 

AERO  “^AERO  ^AERO  ^AERO 

T VTR  HT 

z 


^CG^ 


VTR 

'ae] 

VT 

^aero  “ ^aero 


'AERO  - 2aeR0  + ^AERO  + Z^ERO 


T 

^A] 

,T 


HT 

+ ^AERO 


,VTL 


Y"  = 4. 

AERO  ^AERO  ^ ^AERO  ^AERO 

^ VT  ^HT 

o^AERO  of  AERO  ^oC-aerO 

T VT  HT 

“aero  = “aero  + “mro 
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NACELLE  AERODYNAMICS 

NACELLE  ANGLE  OF  ATTACK  AND  SIDESLIP 

“rN  “ [^Rr/^Rr]  ' *^RN  ~ ^ ^RR 

“LN  = ’^^^■''['wrl/Url]  ' 'IlN  = 1/2  p 

^RN  ~ C^Rr/  y^^RR  ^RR. 

^LN  ~ IJ^Rl/  y^^RL  ■'■  ^RL_ 


NACELLE  WIND  AXIS  FORCE  & MOMENT  COEFFICIENTS 


DRN  Son 

^ Sol 

1 “rN  I ^31 

NOTE:  CHECK  RANGE  OF 

oRN  & “LN  TO 

DETERMINE  VALUES 

■DLN  ~ Son 

+ So 

1 “LN  I ^31 

l“b! 

FOR  CONSTANTS. 

Srn 

= K32 

Sin 

“RN 

COS 

“RN 

Sln 

= K32 

sin 

“LN 

cos 

“LN 

— 

Srn 

Son 

+ 

S4 

sin 

“rn 

“rn 

+ K33 

(sin  cos 

sin 

“RN 

“rnI 

Sln 

Son 

+ 

S4 

sin 

dr  XT  cos 
LN 

“ln 

+ K35 

'sin  cos 

sin 

QIt  XT  cos 
LN 

“lnI 

1 

SPECIAL  CONDITIONS 

1.  IF:  V2  (FT/SEC) 2;  RIGHT  NACELLE  AERO  = 0.0  & 

HOLD  VALUE  OF 

2.  IF:  V2  (FT/SEC)  2 ; LEFT  NACELLE  AERO  = 0.0  & 

HOLD  VALUE  OF 
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“ ■'36  »LN  Bln  ^ ®ln  ‘=°=  Cos 

'NRN  ' SoRN  + ’'38®^"  Bg^Cos  3,^^  + Kj,(Sin  Sg^CosB^g)  ISinB^^  Cos 


3 


^YRN 

K36  Sin 

C^T« 

= K'  Sin 

YLN 

36 

^NRN 

^NORN  ■'■ 

C 

= C + 

NLN 

NOLN 

c ■ 

XRN 

“ jiLN  “ “ 

NACELLE  FORCES 

^Xrn 

'^RN^W^-' 

^RN^W^^' 

‘^RN®wf“^ 

^RN 

^RN^W^w' 

= q Sc 
^RN  W W 

^*^RN 

*^RN^W^W 

= ‘JlnSw  t- 

^^N 

*5lN^W 

= qLN^w[-c 

^LN 

“ qLN^wt>wf 

^N 

= ‘^LNVwf 

^NiN 

“ ^LN^W^W 

RN 


RN  ■'■  ^37^Sin  Cos  |Sin  6p„  Cos 


RN 


RN 


40 


LN 


LN 


41 


LN 


LN 


LN 


LN 


'drn^°®“rn 


^LRN^^*^“rN  " ^YRN®^^^RN*=°®“pm]1/2 


RN 


'mrn  Srn 


'NRN  “rn  “ .—  ^MRN  ®RN  COSOj^jj]l/2 


- fw  c. 

bw 


‘^LN^W  f"S)LN  “ln  ^LLN  “lN  " ^YLN  ^LN  ^°®“ln^^/2 


*LN  “ ^DLN 


,cosaLj,-Cjjj^jjCosBLNSinaLjj-CYLNSinBLNSina,^]I/2 


‘LN' 


fw 

bw 


’LN 


bw 
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LANDING  GEAR  EQUATIONS 


PERFORI4  THE  FOLLOWING 
LANDING  GEAR  WHERE  - 


CALCULATIONS  FOR  EACH  WHEEL  OF  THE 
n = 1 LEFT  MAIN  GEAR 
n = 2 RIGHT  MAIN  GEAR 
n = 3 NOSE  GEAR 


LAND I NG  GEAR  - A/C  LOCATION 


Yn  = ^Gn 

Zn  = ^CG  + Zcn 


STRUT  DEFLECTION 


G6n 

= Xn  sin  9 - 

. Zn  COS  0 - , 

‘G(|)n 

= |Y  sin  <t> 

L n 

+ (Z  + r ) (cos  '<>- 
' n n 

cos 

^Tn 

~ ^"^DOWN 

hoen  - ♦ 

cos 

0) 

RATE  OF  STRUT  DEFLECTION 

^Tn  = -ZdOWN  ^ (J.  cos  0)  + X„q  - P 

VERTICAL  FORCE 

FcZn  = KsTn  ^Tn  + ^sTn  ^Tn 

NOTE;  COMPUTE  Fczn  ONLY  IF  h^n 
IF  h-j-n  ^ 0'  Fqzji  = 0.0  & 

REMAINING  CALCULATIONS  MAY  BE  SET 
TO  ZERO. 
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longitudinal  FORCE: 

= '“O  + "l  Sign  U 

NOTE!  is  percent  brake  pedal  deflection. 

SIDE  FORCE: 


F = jj  F Sign  V 

Sn  *^5  GZn 


FORCE  AND  MOMENT  CONTRIBUTION  OF  EACH  WHEEL 


AX  = 
n 

F 

yn 

F 

G2n 

CD 

11 

“3 

= F 
U 3 

cos 

^ STEER 

> 

II 

^Sn  + 

F 

GZn 

4>  (n  = 

AY3 

^S3 

cos 

STEER 

^S3  STEER  “ ^GZ3  ® 


+ Fy  3 sxn  + Fg23 


AZn  = 

CD 

0 

- 

= 

- ^2, 

X 

n 

Ai  = 

AZ 

y 

n 

n 

n 

AN„  = 

- 

Tn^ 
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AX. 


LG 


3 

I AX 


n 


AY 


LG 


3 

E AY. 


n 


AZ 


LG 


3 

E AZ 
1 " 

I 


AM 


LG 


3 

E AM 


n 


AN 


LG 


3 

E AN 


n 
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FUSELAGE  AERODYNAMICS 
FUSELAGE  INPUT  EQUATIONS 

ctp  = Tan  ^ (W/U)  6p  = Tan~^ 

Op  = sin  ap  cos  ap  = sin  Bp  cos  Bp 

Vp  = /u^  + 


V/»^U^  + W2 


qp  = 1/2 p 

'^FUS  = Vp  /Ph 

FUSELAGE  WIND  AXIS  COEFFICIENTS 


CdF  - (CdOF  + Kl|ap|  + K2ap)  cos^  gp  + Rq  CdOF | 1-COS  (.18Bp)| 

+ ACjj  (1  -£-t/tG) 

LG 


II 

U 

(K^2  K3  ap)  cos^gp  - 

sin^ 

1 ^P  1 

^yf  = 

K?  Bp  + Kg  g^  1 g^ 1 

II 

K^3  B^ 

c = 

^MF 

[-.11  + .36  sin  (6.6  + 

3.3  a°)] 

cos2g  + K |BJ.i  + 

ACj^  (1  - 

LG 

*^NF  “ ^NOF  ^9  2p  + g^  I gj^  I 

NOTE : IF  GEAR  IS  UP;  ACpjjg  & ACmlG  = 0«0 

SPECIAL  CONDITIONS 

1.  If  V|  <_  1 (ft/sec)  2 FUSELAGE  AERO  = 0.0  & HOLD  VALUE  OF 

oip  & Bp 
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FUSELAGE  FORCES  AND  MOMENT  ABOUT  A/C  C.G. 


F' 

^AERO 

[-Cqf  cos 

“f 

cos  0p  + C^p 

sin  ap  - Cyf  c:os 

Y^’  - 

^AERO 

[Gyp  COS 

^F 

- Cqp  sin  Sjg,  ] 

9p  ^\} 

,F’ 

^AERO 

[-Clf  cos 

“f 

- Sf  ®F 

sin  ctp 

-C  sin  0 sin  a ] q S 
YF  F F F W 


.F' 

'AERO 


= [-  ®F  “f  ” ^NF  “f^  *^F 

'^CG  ■ ^FAC>  “F  6f  S„  b„ 

F ’ F ’ 

^AERO  “ ^^MF  ®F^  ^*F  ^AERO  *-^CG  ~ ^FAC  ^ 

-=‘IeRO  ‘"cG  - ^FAC'  " ®F  -IF  S„  b„ 

“aero  ■ "^NF  ‘=°"  “f  - '=»'“»>  Sf  ®F  “f'  ’f  ®W  ‘‘w 

_yF' 

AERO 

F F' 

^AERO  ^AERO 

F F ’ 

^AERO  “ ^AERO 

-F  F' 

^AERO  "*  ^AERO 


-^AERO 


M 


N 


AERO 

F 

AERO 


= y 


= M 


F' 

AERO 

F’ 

AERO 


[XcG  " ^FACl 

+ C sin  flp  cos  0p  qp 

^F 

* ^ = [-8270  + 26186 

GEF 

+ 6336  (h/D)  3]  ({) 

for  .5  ;f_  h/D  1 1 

dS6  0^1^ RF  ^ 

- “Iero  ‘“lg 


] qpSw 


+ oCgEF 


-23369 (h/D) 

.IVp) 
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WING  ON  ROTOR  INTERFERENCE 
AVERAGE  NACELLE  INCIDENCE 

In  = 0*5  Unl  %r) 

AVERAGE  LIFT  COEFFICIENT 

^LW  ^ ^^LSRW  CLSLW^/^^l/i^s) 

WING  ON  ROTOR  UPWASH 

^WRR  ^WRL  = ^7  » Cln) 


E-56 


D210-11161-1 


ROTOR/ROTOR  INTERFERENCE 
POSITIVE  SIDESLIP > I.E»,  V > 0-0 


X = epRR 


— It  + t y + T_x^l 

''brI 

L 1 2 3^  J 

6v 


RL 


®^iRL 


iRL 

*^iLR 


'6V*  \ V 

Ijil  *R 

1 V*  I 
‘ RR 


V 


^RR 


= -tan 


-1 


2pirR^ 
«^RL 


Vlb 


- (|6  I)  (.40528  «V 


= 0.0 

NEGATIVE  SIDESLIP,  I.E.,  V < 0.0 
X = ^PLR 


‘ ''lrI 


T + T X + T X 
1 2 3 


6v, 


LR 


'iLR 


'iLR 


(S  V* 

® LR 


V* 

RR 
-1 


'.lY 


^^LR 


2p  ttR^ 


= -tan 


6 V. 


LR 


l'^rr  ^ 


= (Is  1)  (.40528  I^r)  ^Vrl 


*^iRL  “ 

NOTE:  ^*R  ^ ^*L  WING  EQUATIONS. 
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RIGHT  ROTOR 


ROTOR  EQUATIONS 


“hr  ~ tan 


RR  ^RR  '"WRR^ 


Urr  ^ 


LR 


RR 


*^URR+fiLR)  ^+Vrr+Wrr  . y _ 

RR  |J2r1r 


left  rotor 


r^N^lr  + (W, 


‘^LR  = tan  ^ ^RL  ^ ^”rl  V ^ 

^RL  ^ ^iRL 


^LR  ^^RR^^iLR^ 


''LR 

!«l|R 


ROTOR  ANGULAR  RATE  TRANSFORMS 


RIGHT-NACELLE  AXES 
^NR  " “P  ^NR  + ^ sin  i 


NR 


LEFT-NACELLE  AXES 


N 

P-._  = p cos  i„,  - r sin  i 


NL 


NL 


NL 


^N 


NR  ' 9 + 1 


NR 


^N 


QSl  = g t i 


NL 


Rjjr  r cos  i 


>N 


NR  ~ P sin  ij^j^  Rj^j^  _ r cos  i^jj^  + p sin  i 


"NL 


RIGHT  WIND  AXES 


'■Sr 

= pN 
NR 

pR  = 
NL 

^ L'V 

pN 

NL 

o’* 

NR 

= Q cos 

NR 

C +R^  sin 
HR  NR 

^HR 

o 

II 

qN 

NL 

cos 

^HL 

R^  sin 
NL 

rR 

NR 

= R^  cos 
NR 

5 -Q^  sin 

HR  NR 

^HR 

11 

rN 

NL 

cos 

^HL 

sin 

NL 

HL 


HL 


NOTE;  USE  WIND  AXIS  RATES  IN  ROTOR  ROUTINE. 
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RIGHT  ROTOR 


THRUST 

C 

TRR 


Tj^s+r 


T2S+1 


Cos  At  Cos  B 


"ORR 


•ic 


^R 

m 


WHERE:  Ct  = 0.000679  <t>  + 0.000015 

+ 0.0022  M(()  + 0.000211  y2, 


and 


4 =»  0“  - tan 

75 


Ip  cos  a I 

^ I 0.75  ~j  " 6.3015U  + 5.5816U' 


- 8 p sin  a + 1.8 


GROUND  EFFECT 


^RR  “ “^DOWN  ^NR  ” ® 


^ ^NR  ^ ’ ""n  ^ 


(h| 

id) 


EFF 

RR 


*RR 


2RpSin(0  + Cos  (>1  + .0174j 


T \ 
^IGE 

"^OGE^ 


RR 


(g  ' (.1741  - .6216  >i^j) 

EFF 

RR 

+ (^)  (1.4779  URR  - .4143) 

' ^ ‘ EFF 
RR 


LRR 


= c 

Trr 


+ 1.2479  - .8806 
T- 


^*RR 


•IGE 


^OGE/ 


RR 


SPECIAL  CONDITIONS:  IF  > 0.283; 

111 


IGE 


'OGE 


= 1.0 


RR 


or  IF 


> 1.3;  riGE 
EFF  ” \ToGE 
RR 


= 1.0 


RR 


E-59 


Cos  9 


D210-11161-1 


POWER 


RR 


' %RE  ■ " <•'>“'•'’5  * .000843  i*  + .910  C,,) 


+ P [.00674  - . 0146p  - (3.4  - 8y)Crp]  il 

180 

+ [(.08756  ~ 2.18p)  C'  “.00043488]  p sin  a 


NORMAL  FORCE 

”^RR  ^^°RR  ^ic  “dB7c"  ®1C 

WHERE;  0^^^^  = = 0.089p3  sin  2cx  + [0 . 172753pCt] 

+ 73.444  0 ^ p ^ 0.6 

where  K = sin  a for  a > 20® 

and  K = sin  a(10-0.45a®)  for  0 < a < 20 
For  0.6  < p 


Cnf  - (%Fl)  (l-0.8(p-0.6)  ) 


dC. 


NF 


RR 


dA 


ICR 


Dxtt:.  Crp_  "t*  D’ 


'NF 


1 "-Trr  %F2  ^^RR  + %F3  ^rr  + Dnf4 


+ %F^  ^RR  sin  2 orr 


dC 


NF 


RR  _ 


dB 


= E 


ICR 


2 

NFi  ^NF  Hrr  + Enf  Prr  + E 


NF 


^Fg  ^RR  “rr 
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SIDE  FORCE 


dC 


'SF 


= C 


SF 


dC 


RR 


SF 


RR 


SFrr 


ORR  ^^ICR 


B, 


ICR 


WHERE:  C^rp  ~ ^ (.00566  + 2.830  + .016  CrpiJ;) 

if  a > -n/2  use  ir-a 


whe  re  ip  “ ~ tan  ^ 


y-y^  COS  a 

y^  sin  a 


and 


Ui  = 


(y‘+  + C-r^)  l/2  - y2j  /2 


0.5 


dC 


SF 


RR 


dA,„„  t>sFi  =Trr  + °SF2  >‘rr  + °SF3  »rr  + DSF4 


‘ICR 


’^SF  ^RR  “RR 


dC 


SF 


RR 


dB 


ICR 


^SFi  ■"  '^SFj  “RR  ■"  ^SFj  “rR  ■"  ^SF^ 


+ >^Dr,  2 “rR 

SF5  RR  RR 


.0037249ya2 
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HUB  PITCHING  MOMENT 


dCpM 


c = r 

PM„„  ^PM  ^ 

RR  ORR  ciA 


RR 


^ICR 


dCpM 


RR 


ICR 


dB 


®1CR  + 


dCpM 


ICR 


dQ 


RR  ^R 

Qnr 


WHERE: 


^PMq  “ 0.012857  y sin  a -0.014163y2 


Sin  a 


+ 0.0036344  u sin  2a  -0.0074613  y sin  a 

|_386  J ^ 3^  "'T 


-1000  g£.P.M  = 1.5  + y 

dQ 


0 ^ u ^ .2 


— 0.25  + 7.26  y .2  <y  < .39 
® 4.1681  “2.79  y y > .39 

^ ^PM 

— - u (-.393141  X 10-2+  .201377  x 10-2„  -.220903  x lO'-aZ) 
+ 92  (.120036  + .634542  x 10-2„  + .799823  x lfl-3  ,.2) 

+ u (-.141322  -.170706  x lo-'a  - .61104  x lO'S  c(2) 


dC 


PM 


RR 


"^ICR  ' “'■“l  "RR  “rMj  “rR  * Drm, 


“rmj  •'hr  sin  2 aj^  + ‘InRl-n^) 
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HUB  PITCHING  MOMENT  (CONTINUED) 


dC 


PMRR 


dB 


ICR 


- Epj^  Crppj^  + Epjyj 


®PM  ^RR 


RR 


^RR  %M_  ^ ^PM 
3 4 

^PM  ^RR  ^I^rI  “ 

6 


HUB  YAWING  MOMENT 


'YM. 


= C 


dC 


RR 


YM. 


YM 


dC 


ORR 


RR 


YM 


dC 


RR 


YM 


dAicR  ^ICR 


B. 


RR  _R 


dBicR  “ICR  dR  ^R  YM 


Where : 


For  0 < M < 0.37 


Cym  = (0.023736  u -0. 0010)  ysina  -1.6  C<r  sin  ot 


/ RPM  \ 

0.00816  - 0.003366U  -0.006303  -ij 


/rpM  u sin  a 
\386  " / 


and  for  y > 0.37 


Cyj^  = (0.02476  - 0.19798  (y  -0.7024)2)  sin  a 


, r /rpm  Vi  <rpm  \ 

-1.6  y2  Cip  sin  a + y .00816  -.003366y  -•  006303  l^g^lj  1'30^-U 


dC 


YM  = - *^^PM 


dR 


dQ 
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HUB  YAWING  MOMENT  (CONTINUED) 


dC 


YM. 


RR  _ 


dA 


ICR 


^YM  ^YM  *^RR  '''  ^YM  ^RR 

1 RR  2 3 4 


^YM  ^RR  ®VM  ^RR  ( I ^R 


RR  ^ ^YM,  ^RR  ' I “Rl 


dC 


YM 


RR 


dB 


ICR 


^YMi  ^YM2  ^RR  ^RR 


^YMc  ^RR  ^“RR  ^YM^  ^RR 

j 6 


ENGINE  TAIL  PIPE  THRUST  AND  MOMENT 


AT 

^R 

= 

26  + 

.080 

SHPr 

-350M 

<1 

— 

26  + 

.080 

SHP^ 

-350M 

“ 

1.92 

AT 

COS 

^HL 

1.92 

ATp 

^R 

cos 

^HR 

AN„ 

=S 

1.92 

ATp 

sin 

^HL 

AN„ 

^R 

= 

1.92 

At 

®R 

sin 

^HR 

SPINNER  DRAG  AND 

NORMAL 

FORCE 

2A 

(.001866 

+ .019039 

sin 

“rr> 

cos 

“rr 

^^■^SPINl 

. U^Sw 
2A 

( .001866 

+ .019039 

sin 

“lr> 

cos 

“‘lr 

^^NFspINj^ 

- 

2A 

( .001866 

+ .019039 

sin 

“rr) 

sin 

“RR 

2A 

( .001866 

+ .019039 

sin 

“lr^ 

sin 

“lr 
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ROTOR  FORCE  & MOMENT  CALCULATION 


= S =TRR  “’"'"‘'r  * '■  ’ ‘"’’kR  " ‘‘'^SPINR 

R 


NF, 


= f C'  pTrR'^n^  ; CjV  = Cn  + ACnf 

NFj^  NFRR  R ^VrR  FRR  SPINR 


SF 


R “ ^SF„  ^SFRR 


“r 


= *=PMRR  ("'■''“I  + *“eR 

R 


N, 


^YMj^  ^YMRR 


piTR5n2  + ANj,j^ 


^RREQ  ^PRR 


RHPrr  = 


Qrreq 


550 


LEFT  ROTOR  FOLLOWS  SIMILAR  FORMAT  WITH  SUBSCRIPTS  CHANGED, 
THE  LEFT  ROTOR  ALTITUDE  EQUATION  IS  AS  FOLLOWS: 


*h,R  '"^DOWN  + <^S  ^NL  ■ ’'cg'  ® 

+ [ (Lg  sin  cos  sin  <J>  ] cos  9 


or; 


^LR  = + 2 sin  ♦ cos  6 


E-65 


D210-11161-1 


ROTOR  FORCE  & MOMENT  RESOLUTION 

HUB  MOMENTS  - NACELLE  AXES 
LEFT 


~ ^LREQ 


M 

LRH 


COS  C 
L ^HL 


N sin  C 
L ^HL 


- '(p  sin  %L  + r cos  %l)  ( KIpfiL  + Nel  Ki  J^el) 

Nlrh  = -Nl  cos  chl  - Ml  sin  chl  + (KipJiL  + Nel  KiIe^el)  (q+iNL) 


RIGHT 

°^RH  " ®RREQ  “r  " 

"rrh  = “r  «hr  Nr  Srr 

+ (p  sin  iNR+  r cos  iNR) (KIpfiR  - Ner  KilEfiER) 

"rrh  = Nr  cos  5gR  - Mr  sin  5„R  “ (KIpIiR  - NERKlIj-nER)  (q  + Inr)  ~ 

NOTE:  NACELLE  AXES  ARE  RIGHT  HANDED  SYSTEMS 

Kl  = 0 if  non-tilting  engines 
1 if  tilting  engines 
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RESOLUTION  OF  ROTOR/NACELLE  FORCES  TO  BODY  AXES  AT  PIVOTS 
LEFT  ROTOR 

^NL  " ^NL  ®tLW 

’'mrO  ' ‘■'l  ^ “'lN>  ^NL  - ^NL  'N^L  «HL 

+ SFj^  sin  5jjl  “ ^^LN^ 


,NL 


^AERO  = ^^L  ?HL  - NFl  sin  5hl  + 

^^RO  “ “^"^L  ^^LN^  ^NL  " ^NL  ^^^L  ^HL  ■*■  ^^L 


Sin  SjjL  - ^Z£n) 


<^AERO  ^^LRH  ^NL  ''’  ^NL  ^^LRH  ^^LN  ^S^AERO^ 


= M + AM'  + NF^  L cos  + SF^  L sin  5tir 

aero  LRh  LN  L s HL  L s ^HL 

- Lg  AZf^N  “ ^E  ^EL  ^ NeL  K2 

“SrO  = "nL  <”lRH  “£n  ^3  ’'aero>  ■ ^NL  <^RH  * 


^EL  ^ %L  ^2 


K2  = 0 if  tilting  engines 
= 1 if  non-tilting 
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RIGHT  ROTOR 

^NR  %R  ®tRW 

MR 

^AERO  ^NR  ■*■  ^NR  ^'^Fr  c°s  5jjj^ 

+ SFr  sin  5hr  + 


^AERO SFj^cos  5hr  - NFj^  sin  ?hR  + ^^RN 

^^RO  ”^^R  ^NR  ■*■  ^NR  ^“^^R  ^HR 


+ SFj^  sin  5hr  + 


x>  NR' 
AERO 


^NR  ■*■  ^NR  ^*^RRH  ■*■  ^S  ^ARPn  ■*■  ^^RN^ 


'RRH  «^RN' 


^AERO 


CrO  “ “rRH  ^ •"  "'■r  "-s  «HR  - I-s  ?HR 


“ ^S  '^^RN  “ ^E  ^ER  ^ %R  ^2 


N 


NR 

aero 


= cos  i.'  (N„„„  + AN'  , + L„  „)  - sin  i’„  + A^'  ) 


NR  RRH  RN  s AERO 


NR  "^RRH 


-RN' 


+ ^E  ^ER  ^ *^ER  ^2 
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WING  VERTICAL  BENDING 
LEFT  WING  TIP  DEFLECTION : - 


h,  = - hi  ) - 2 5w  “W  hi 

L 


I. 


F,  = -K, 


r,NL'  V ^LW'  _tf  y* 

^aF.RO  %2  ^AeRO  ^3*^ 


W1  ^aero 


NL' 

AERO 


+%4  -%5  P 

^ m 


hi  = %6  hi  deflection  at  left  wing  a.c. 

■*'lwac  L 

RIGHT  WING  TIP  DEFLECTION : - 

hi  = (Fj^  - hi  ) - 2^yi  u)vj  hi 


nr'  r, 

Fp  - -K^  Z Z 


aero  aero  '^'^4 


X 


NR' 


+K, 


^AERO 

m 


+K„  P 


hi  - K„  hl^ 

*^WAC 


WING  TORSION 


Left  wing  twist  at  tip: 

K.  e.  = Mf,  - Nel  Ie  !)el  X S.’"'-  "" 

® t LW  LACT  h 


^AERO  ” ^AERO  ^AC 


Right  wing  twist  at  tip: 
Kq  6t  = 


- Ner  Ie  ^ER  ^N  P ^2^1 

R R 


' t "RW  RACT 

Left  wing  twist  at  a.c. 

6t  ^ ^%Ac/^N^  ®t 

LWAC  LW 


Right  wing  twist  at  a.c. 

(%AC/^N^  ®t 
RWAC  RW 
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TOTAL  FORCE  AND  MOMENT  SUM?4ATIQN  ABOUT  C . G . 


X = 

AERO  AERO 

AERO 

+ x^ 

AERO 

aero 

xRW 

AERO 

T 

+ X 

AERO 

Y = 

aero  aero 

+ y'''' 

AERO 

+ 

AERO 

+ Y^"  + 

AERO 

yRW 

AERO 

+ Y^ 
AERO 

Z - 7NL 

^AERO  ~ '^AERO 

^ '^AERO 

+ Z^ 

^ ^AERO 

+ Z^^  + 

^ ^AERO  + 

RW 

-^AERO 

T 

^AERO 

-j^NL 

AERO  ~'^AERO 

^•^AERO 

■‘■'^AERO 

■‘■'^AERO  ■'■•^AERO 

. „ /„NR  NL 

% (^AERO  “ 2^ERo).  ZcG 

/yNL  . ^NR 

^^AERO  ■*■  X^ERO 

M «NL 

“AERO  “ “AERO 

^ "aero 

^ ‘Uero 

T 

W X 

■*■  ^AERO  ^AERO 

^cg(ZaLo  + Zaero)  - ZcG  (xJero  + XaLo) 


M I itNR  F W T 

NaeRO  - Naeko  + Naero  + Naero  + <ERO  + nJero 

. ^ . NL  nr  , NL 

(X^ERo  - Xa.ero)  •-  XcG  (YaERO  + YaIrq) 
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BASIC  EQUATIONS  OF  MOTION 

INERTIAS ; 

^XX  ^ ^XXO 
Iyy  = ^YYO  ^ 

^ZZ  ^ZZO  ^13 
^XZ  ^ ^XZO  ^I^ 

•^XX  " ^ZZ  " ^YY 

*^YY  ^ ^XX  " ^ZZ 

•^ZZ  " ^YY  " ^XX 
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ROLL  EQUATION 


r.. 

^ \[^NR  <^R  -'> 

+ ^S 

AERO 


i„T  COS  (i  -X) 
NL  NL 


J 


PITCH  EQUAT ION 

[ 

yy  ' yy 


^vv  ^xz  ^P  ~ ^ ) 


" ^NR  l^^yy  + sin  -A)  + Xj^  COS  (i 

" ^Nlj^^yy  + ^in  (ij^^  -A)  + coS  (i 


+ M 


AERO 


YAW  EQUATION 


^zz  ^ ~ ^zz  P*3  “ “ p)  Ixz 

r.. 

- amjj  Yn  j i^R  sin  (i^R  -A) 


^NL 


+ N 


AERO 
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RIGHT  NACELLE  ACTUATOR  PITCHING  MOMENT  EQUATION 


M. 


NRACT 


= - X 


NR 


ItUj 

l'  + £2  m (1  - 

yy  N ni 


- 


+ (r2  - p2)  sin  -X)  cos  (i 


- pr  cos  2 -X)  + q 


NR 


- (r2  - p2) 


I'  sin  i„D  cos  i 
zz  NR 


^NrJ  ” ^yy 


+ I ^ 


^AERO  ^^NR  “ ^AERO  ^^NR 


- M 


- (r  - pq) 


sin 


- (p  + rq) 


cos  X) 


+ M 


NRAERO 


LEFT  NACELLE  PITCHING  MOMENT  EQUATION  OBTAINED  BY  CHANGING 

SIGN  OF  Y„  AND  CHANGING  SUBSCRIPT  FROM  R TO  L. 

N 

NOTE:  THE  ABOVE  EQUATION  MUST  BE  CALCULATED  FOR  WING  TORSION 

CALCULATION  ONLY. 
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MOTION  OF  A.C.  MASS  CENTER 


U = - g sin  0 - qW  + rV 

m 

• ^AERO  ^ . TT  ^ TT 

V = + g cos  0 sin  - rU  + pW 

m 

• Z^ero 

W = + g cos  0 cos  <p  + qU  - pV 


m 

EULER  ANGLE  CALCULATION 


= (r  cos  t + q sin  (p)/cos  0 
0 = q cos  (J>  - r sin  (|> 

(J)  = p + ij)  sin  0 
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AIRCRAFT  CONDITION  CALCULATIONS 

GROUND  TRACK 

NORTHWARD  VELOCITY 

Y = U cos  9 cos  lb  + V (sin  (|»  sin  0 cos  4^ 

*NORTH 

- cos  (j)  sin  t/)) 

+ W (cos  (}i  sin  9 cos  t + sin  <p  sin  t|») 


EASTWARD  VELOCITY 


Y = U cos  e sin  + V (sin  sin  e sin  + cos 

EAST 

COS  '!') 


+ W (cos  4>  sin  9 sin  - sin  <l>  cos  'll) 


DOWNWARD  VELOCITY 


7 = - U sin  9 + V sin  4*  cos  9 + w cos  4*  cos  9 

DOWN 
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PILOT  STATION  ACCELERATIONS  (BODY  AXES) 

®XPA  ' + <9  + "'pA  - ^CG> 

+ (q^  + r2)  (X^u  - + Yp^  (pq  - i) 

^ *3  ^CG  “ ^CG 

®YPA  = <2cg  - 2pA>  + pq)  <Sa  - ^'CG* 

-YpA  (r^  + P^)  + 2 (pigg  - ri^g) 

^ZPA  = !M£0  + (q  - pr)  (X^g  - Ip^)  + (p2  + q2)  (Zgg  - Zp^) 
+ Yp^  (p  + qr)  + 2qX^g  - 

PILOT  STATION  VELOCITIES  (BODY  AXES) 


UPA 

it 

a 

+ 

q==PA 

- P’^PA 

VpA 

it 

< 

+ 

"pa 

1 

> 

'^PA 

II 

+ 

P’^PA 

GUST  MODEL 

The  gust  model  will  be  that  represented  by  NASA-AMES  program 
N^S-80.  The  output  of  this  program,  in  the  form  of  gust  velo- 
city components  Ug,  Vg,  Wg,  pg,  qg,  rg  will  be  added  to  the 
aircraft  velocity  components  in  clear  air  as  follows: 

U = U'  + Ug 

V = V + Vg 

W = W'  + Wg 


P - P'  + Pg 

q = q'  + qg 

r = r'  + rg 
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Appendix  F 

This  appendix  contains  the  numerical  constants  and  functions 
required  by  the  equations  presented  in  Appendix  E. 

The  data  is  listed  by  reference  to  the  page  number  in  Appendix 
E where  the  numerical  constant  or  function  first  appears . 
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INPUT  DATA 
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PAGE 


NO. 

QUANTITY 

VALUE 

UNITS 

E-7 

STEER 

0.0 

deg/cm  (deg/in) 

^<Srud 

“3.15  (“8.0) 

If 

K6r 

1.0 

- 

«^A 

20.0 

rad/sec 

C 

1.0 

- 

1.0 

- 

35.5 

rad/sec 

C 

0.18 

- 

1.0 

- 

^6S 

0.0 

- 

Kx 

“1.638 (-4.16) 

deg/cm  (deg/in) 

E-8 

Schedule  A 
Schedule  B 
Schedule  C 
Schedule  D 
Schedule  E 
Schedule  H 
Schedule  I 
Schedule  J 

Schedule  K 
Schedule  A 
Schedule  B 
Schedule  C 

Figure  F-1 
set  to  zero 
Figure  F-1 
Figure  F-1 
Figure  F-2 
Figure  F-2 
Figure  F-2a 
Figure  F— 2a 
Figure  F-2b 
Figure  F-3 
Figure  F-4 
Figure  F-4 

E-9 

Schedule  FPR 

Figure  F-5 

E-13 

Engine  data 

Tables  F-1 
through  F-4, 
Figures  F-6 
through  F-9 
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INPUT  DATA 
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PAGE 

NO. 


E-15 

E-16 


QUANTITY 

VALUE 

UNITS 

WDTIND 

1.0 

- 

SHP* 

1156.3  (1550.0) 

kw  (SHP) 

1.11 

- 

NIIND 

1.0 

- 

Nt  /N? 

-‘■MAX  -‘■ 

1.04 

- 

NieiND 

0,0 

- 

(Nl//e3^/N*) 

MAX 

0.0 

- 

QIND 

1.0 

- 

QMAX/Q* 

1.446 

- 

1.128 

- 

2662.5  (25425.0) 

rad/sec  (RPM) 

(Nii/Nii  ) 

MAX  REF 

0.8865 

- 

J2rEF 

57.6923 

rad/sec 

2.5 

deg/sec/rad/sec 

2.66 

deg/rad/sec 

=3 

0.0 

deg/sec/deg 

764.8  (564.0) 

kg  (slug3  f 

K 

-1.0 

- 

^tr 

0.97 

- 

Schedule  A 
Schedule  B 
Schedule  C 
Schedule  D 
Schedule  G 
Schedule  K 

Figure  F-10 
Figure  F-11 
Figure  F-11 
Figure  F-11 
Figure  F-12 
set  to  zero 

F-3 
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PAGE 

NO. 

QUANTITY 

VALUE 

UNITS 

E-17 

-30.0 

deg 

nif 

-1443.28 (-125.947) 

kg  (slugs) 

0.304 (1.0) 

m (ft) 

0 

kg  (slugs) 

Aw 

0 

m (ft) 

m 

5895.94(404) 

kg  (slugs) 

A 

0.502(1.65) 

m (ft) 

"*N 

903.95(61.94) 

kg  (slugs) 

X 

24.75 

deg 

hf 

-1.943(-6.376) 

m (ft) 

hw 

0.0 

m (ft) 

E-20 

^WAC 

.105(0.346) 

m (ft) 

^WAC 

3.048(10.0) 

m (ft) 

%AC 

0.224(0.736) 

m (ft) 

Yn 

4.902  (16.083) 

m (ft) 

LS 

1.423  (4.667) 

m (ft) 

E-21 

0.0 

deg 

E-22 

Zht 

-0.076  (-0.25) 

m (ft) 

xht 

-6.605  (-21.67) 

m (ft) 

ZvT 

-0.399  (-1.308) 

in  (ft) 

XvT 

-6.858  (-22.5) 

m (ft) 

Yvt 

1.956  (6.  417) 

m (ft) 
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PAGE 


NO. 

QUANTITY 

VALUE 

UNITS 

E-23 

Solutions  to 
Quartic 

Table  F-5 

— 

A 

49.325  (530.93) 

(ft^) 

1.6 

- 

E-24 

^WRR 

set  to  zero 

rad 

^WLR 

set  to  zero 

rad 

PC 

0.884  (2.9) 

m (ft) 

hp 

0.0 

m (ft) 

D 

7.925  (26.0) 

m (ft) 

1.6  (5.25) 

m (ft) 

E-25 

16.815  (181.0) 

(ftM 

otw 

4.393  ^-^3.281^^^ 

rad"^ 

E-28 

^7 

0.010845  .00869 

deg“^ 

— 

«2 

65.0  65.0 

deg 

^8 

0.397  0.3366 

- 

0.00474  0.00351 

deg"^ 

^10 

0.0  0.0 

deg“^ 

180.  180. 

deg 

— 

0.0  0.0 

- 

(1) 

0 = 0° 

(2) 

0 = 90° 

F-5 


PAGE 

NO. 


E-29 
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QUANTITY 

INPUT  DATA 
VALUE 

UNITS 

ai2 

0.0  0.0 

deg“l 

^13 

0.0  0.0 

deg”2 

^29 

-0.7648xl0"^-0 

.7648x10"^ 

deg“^ 

0.2135x10"'^  0 

.2135X10""* 

deg“^ 

«5 

180.0 

180.0 

deg 

^31 

0.0 

0.0 

- 

^32 

0.0 

0.0 

deg“^ 

ao 

16.5 

16.5 

deg 

-.058 

.047 

- 

122.0 

122.0 

deg 

^2 

9.42 

10.766 

deg 

^3 

-21.0 

-21.0 

deg 

^4 

0.0 

0.0 

- 

^5 

-21.0 

-21.0 

deg 

^6 

0.255 

0.180 

- 

C ' 

4.4192 

3.3015 

rad“^ 

^DO 

0.0175 

0.212 

W 

a 

0.0 

0.0 

— 

26 

a 

0.057 

0.1175 

- 

27 

a 

0.0 

0.0 

- 

28 

F-6 
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INPUT  DATA 


PAGE 


NO. 

QUANTITY 

VALUE 

E-30 

^18 

0.0 

0.0 

^20 

0.0 

0.0 

^21 

0.0 

0.0 

^22 

0.0 

0.0 

E-31 

ai9 

0.0 

0.0 

E-33 

b2 

0.0 

0.0 

1^3 

0.0 

0.0 

^N 

£ 60“ 

^4 

-0.025 

-0.025 

^N 

> 60“ 

^4 

0.21994 

0.21994 

^5 

-.003231 

-.003231 

^6 

0.154x10“ 

4 0.154x10“ 

^N 

< 60“ 

^7 

0.0019166 

0.0019166 

^N 

> 60“ 

^7 

-0.002166 

-0.002166 

E-34 

■^MAX 

1.625 
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E-38 

K2O 

0.04 

0.04 

^21 

-0.05 

0.09 

bw 

9.805 

(32.17) 

1.0 

^AC 

3.048 

(10.0) 

K22 

-0.0315 

UNITS 

deg 

deg“^ 

deg”^ 

deg 

deg“^ 

deg“^ 

deg“^ 

deg“l 

deg“l 


rad“^ 
rad“^ 
m (ft) 

m (ft) 
rad“^ 
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PAGE 

NO. 

E-39 


E-40 


E-44 

E-47 

E-49 


E-50 


INPUT  DATA 
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QUANTITY 


VALUE 


f2 


Table  F-6 


f3 


Table  F-7 


UNITS 


^HT 

0 

■’^HT 

0.5565 

“*^^STALL 

16.0 

^HT 

0.071 

fe 

Figure  F-13 

Srt 

4.67  (50.2; 

fio 

Table  F-8 

rifiT 

Table  F-9 

SvT 

2.35  (25.25) 

^DON 

0.0 

^30 

0.0 

^31 

0.0 

^32 

0.0 

*^MON 

0.0 

*^34 

0.0 

«35 

0.0 

^36 

0.0 

^37 

0.0 

^36 

0.0 

deg 


deg 

deg 


(ft^) 


(ft*) 
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PAGE 

NO. 


E-51 


INPUT 

DATA 

QUANTITY 

VALUE 

UNITS 

^37 

0.0 

- 

*"norn 

0.0 

“ 

38 

0.0 

— 

39 

0.0 

— 

C 

NOLN 

0.0 

— 

^40 

0.0 

— 

^41 

0.0 

— 

Xgi 

-0.661 

(-2.17) 

m (ft) 

^G2 

-0.661 

(-2.17) 

m (ft) 

Xg3 

4.090 

(13.42) 

m (ft) 

Ygi 

-1.301 

(-4.27) 

m (ft) 

Yg2 

1.301 

(4.27) 

m (ft) 

Yg3 

0.0 

m (ft) 

2g1 

2.057 

(6.75) 

m (ft) 

2g2 

2.057 

(6.75) 

m (ft) 

2g3 

2.128 

(6.98) 

m (ft) 

^1 

0.026 

(0.855) 

m (ft) 

^2 

0.026 

(0.855) 

m (ft) 

^3 

0.165 

(0.54) 

m (ft) 

^STl 

56040 

(3840) 

N/m  (Ib/ft) 

^ST2 

56040 

(3840) 

N/m  (Ib/ft) 
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INPUT  DATA 
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PAGE 

NO. 

QUANTITY 

VALUE 

UNITS 

^ST3 

56040  (3840) 

N/m  (Ib/ft) 

^STl 

8756  (600) 

N/m/s(lb/ft/sec) 

^ST2 

8756  (600) 

N/m/s (Ib/ft/sec) 

®ST3 

8756  (600) 

N/m/s (Ib/ft/sec) 

E-52 

0.03 

- 

0.005 

- 

0.5 

- 

E-54 

^DOF 

0.01219 

- 

27.89 

a ^ 

0 K2 

0.28363 

rad~^ 

a < 

0 K2 

0.58237 

rad"2 

Kl 

0.0 

rad”^ 

^^DLG 

0.0221 

- 

K3 

0.302 

- 

^4 

0.0 

- 

K42 

0.04 

- 

-0.46 

- 

^8 

-0.225 

- 

^MOF 

-0.00455 

- 

K5 

0.0 

- 

^6 

0.0 

rad"^ 
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PAGE 

NO. 

QUANTITY 

INPUT  DATA 
VALUE 
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UNITS 

^^MLG 

-0.00233 

- 

^G 

8.0 

sec 

^NOF 

0.0 

- 

Kg 

-0.2 

KlO 

-0.092 

- 

Ki3 

-0.075 

- 

E-55 

2pAC 

0.405  (1.33) 

m (ft) 

^PAC 

0.177  (0.58) 

m (ft) 

E-56 

f? 

set  to  zero 

- 

E-57 

0.2434 

rad“l 

T2 

-0.483 

rad“2 

^3 

0.5208 

rad“^ 

E-59 

0.1 

sec 

^2 

0.1 

sec 

E-60 

DnfI 

0.00425 

deg“^ 

%F2 

0.0014483 

deg“^ 

^F3 

-0.0000734 

deg”^ 

%F4 

0.00002175 

deg”^ 

%F5 

-0.0006 

deg“^ 

®NF1 

-0.0245 

deg“^ 

^NF2 

-0.0017028 

deg“^ 
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PAGE 

NO. 


E-61 


E-62 


INPUT  DATA 


QUANTITY 


VALUE 


UNITS 


^NF3 

-0.0010492 

deg~^ 

^NF4 

-0.0000425 

deg~^ 

^NF5 

0.0017892 

deg”^ 

^SFl 

0.0245 

deg“^ 

D 

SF2 

0.0017028 

deg“^ 

^SF3 

0.0010492 

deg“l 

^SF4 

-0.0000425 

deg“l 

’^SFS 

-0.001735 

deg~l 

^SFl 

0.00425 

deg“l 

^SF2 

0.0014483 

deg“l 

^SF3 

-0.0000734 

deg~l 

®SF4 

0.00002175 

deg“l 

^SF5 

-0.0067758 

deg“l 

^PMl 

0.002 

deg“^ 

^^PM2 

-0.00072556 

deg”^ 

°PM3 

0.00111967 

deg“^ 

DpM4 

0.0002094 

deg“^ 

^PM5 

0.00036524 

deg”^ 

^PM6 

-0.00007296 

deg“^/ra( 

40.422 

rad/s( 

sec 
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NO. 

E-63 


E-64 


E-65 


INPUT  DATA 

D210-1161-1 

QUANTITY 

VALUE 

UNITS 

^PMl 

-0.0025 

deg“^ 

^PM2 

0.0004375 

deg~^ 

^PM3 

0.0000729 

deg“^ 

^PM4 

-0.000111245 

deg“^ 

^PM5 

0.00063045 

deg”^ 

^PM6 

-0.00006809 

deg“^/rad/s 

-1.0 

YM 

°YM1 

-0.0025 

deg“^ 

^YM2 

0.0004375 

deg“^ 

^YM3 

0.0000792 

deg“^ 

^YM4 

-0.000111245 

deg”^ 

^YM5 

0.0005 

deg“^ 

°YM6 

-0.00007296 

deg"^/rad/s 

^YMl 

-0.002 

deg~^ 

%M2 

0.00072556 

deg“l 

®YM3 

-0.00111967 

deg”^ 

^YM4 

-0.0002094 

deg“^ 

%M5 

-0.0004702 

deg“^ 

%M6 

0.00007296 

deg”^/rad/s' 

^TR 

1.0 

- 

f__ 

1.0 

_ 

Tl. 

^NFR 

1.0 

- 
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PAGE 

NO. 


E-66 


E-69 


INPUT  DATA 


QUANTITY 

VALUE 

UNITS 

^NFL 

1.0 

“ 

^SFR 

-1.0 

- 

^SFL 

-1.0 

- 

^PMR 

1.0 

- 

^PML 

1.0 

- 

^YMR 

-1.0 

- 

^YML 

-1.0 

- 

^QR 

-1.0 

- 

^QL 

-1.0 

- 

Ie 

0.248  (0.22) 

kg.m^ (slug  ft^ ) 

K 

-1.0 

- 

J'wi 

4.8x10"6  (.596x10“4) 

m/N (ft/lb) 

^W2 

1.12x10"^  (.1637x10“'^) 

m/N (ft/lb) 

^W3 

4x10“^  (.5836x10"5) 

m/N (ft/lb) 

^W4 

.2599x10“2 

sec* 

«W5 

.1656x10"2 

sec* 

^W6 

1.17x10"6  (.1709.x10"4) 

m/N (ft/lb) 

0.5 

- 

0) 

w 

20.0 

rad/sec 

-M 

CD 

.1096x10"^ (1.6x10®) 

Nm/rad(ft  Ib/rad) 
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PAGE 

NO. 

QUANTITY 

VALUE 

UNITS 

^xxo 

54965 

(40535) 

kg.m^ (slug  f ) 

^yyo 

17924 

(13218) 

kg.m^ (slug  f ) 

^zzo 

68196 

(50292) 

kg.m^ (slug  f ) 

^xzo 

327.6 

(241.6) 

kg.m^ (slug  ft^) 

E-71 

Kll 

27.783 

(20.489) 

kg. /deg (slug  ft^/deg) 

Ki2 

15.247 

(11.244) 

kg.in^/deg  (slug  ft^/deg) 

^13 

-12.551 

(-9.256) 

kg.m^/deg (slug  ft^/deg) 

^14 

2.387 

(1.76) 

kg.m^/deg (slug  ft^/deg) 

E-72 

I ' 

yy 

584.4 

(431.0) 

kg .m^ (slug  f ) 

"xx 

110.4 

(81.4) 

kg.m^ (slug  f ) 

^zz 

515.3 

(380,0) 

kg. (slug  ft^) 

E-76 

^PA 

1.28 

(4.2) 

m (ft) 

YpA 

0.427 

(1.4) 

m (ft) 

^PA 

2.155 

(7.07) 

m (ft) 
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LONG.  CYCLIC  GAIN 

ELEVATOR  ANGLE  - DEG  -deg/cm  long,  stick 
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1 


0 


REFERENCE  NACELLE  ANGLE  -DEG 


FIGURE  F.2.  CONTROL  SYSTEM  GAIN  SCHEDULES 
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Deg/Inch 
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CONTROL  AXIS  CYCLIC  PITCH  INPUT  AS  A FUNCTION  OF 
LONGITUDINAL  STICK  AT  ijg  = QO 


Ai'c 


0 20  40  60  80  100 

REFERENCE  NACELLE  ANGLE  - DEG 

FIGURE  F.  3.  FLAP,  NACELLE,  AILERON  CONTROLS  - SCHEDULE  A 

F-20 


-5  -4 

-3-2-1012  3 

4 5 

— 

inches 

FIGURE  F.  4. 

FLAP,  AILERON,  NACELLE  CONTROLS 

- SCHEDULES 
B & C 

F-21 

F-22 


REFERRED  SHAFT  HORSEPOWER  - SHP/Vo  /SHP* 
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MACH  NO. 


Figure  F.Q  . Turbine  Engine  Performance  - Engine  Cycle  1.78 
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referred  fuel  flow  - wf/6^/SHP* 
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NOTES:  SKP*  = 

N * - 

N-^  * = 
II 


1156.3  kw(15J»0  HP) 

2663  rad/sec  25425  R]'M) 
2136  rad/sec  !20400  RJ>M) 


^ALL  MACH  NO.'S 


1600  1800  2000  2200  2400  2600  2800 
referred  TURBINE  TEMPERATURE  - T/0 

Figure  F.  1 . Turbine  Engine  Performance  • Engine  Cycle  1.78 


REFERRED  POWER  TURBINE  SPEED  - Nu/Vir/Njj 
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Figure  F.  8 . Turbine  Engine  Performance  - Engine  Cycle  1.78 


F-25 


►u  to  o 


REFERRED  GAS  GENERATOR  SPEED  - Mj/VF/N 
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° Engine  Performance  - Engine  Cycle  1.78 
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FIGURE  F-  11.  ENGINE  RESPONSE  CHARACTERISTICS 
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REFERENCE  NACELLA  ANGLE  - DEG 
FIGURE  F. 12 . INCREMENTAL  COLLECTIVE  SCHEDULE 
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VALUES  OF  REFERRED  HORSEPOWER  SHP/6/F/ 
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TABLE  F.  1 AND  F. 2 ENGINE  PERFORMANCE  DATA 


VALUES  OF  REFERRED  GAS  GENERATOR  SPEED  Nj//e/N* 
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TABLE  F.3  AND  F-4  ENGINE  PERFORMANCE  DATA 
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table  P.5  SOEUTIOHS  TO  INLUCliU  VELOCITY  QUAHTl.C  Values  Of  V.  at  V.  and 


D210-11161-1 


Vp,  KTS 

0 

20 

40 

60 

oO 

100  • 

L20 

i 140  i 

j«p,  deg 
-180 

0.0  • 

0.0 

6.0 

0.0 

0.0 

0.0 

■ o.o’ 

0.0 

- 30 

0.0 

o.o' 

0.0 

0.0 

0.0 

0.0 

O 

• 

O 

0.0 

- 28 

0.0 

1 

• 

o 

K> 

-.06 

-.10. 

-.15 

-.12 

-.02 

0.0 

- 24 

0.0 

-..05 

-.15 

-.30 

-.60 

-.37 

-.05 

’ 0.0 

r 20 

.0.0 

-.•06 

-.25 

-.50 

-.92 

-.65 

■ -.06 

0.0 

- 16 

0.0 

*1 

• 

o 

-.40 

-.70 

-1. 10 

-.85 

-.07 

0.0 

- 12 

0.0  ■ 

-.07 

-.46 

-.85' 

-1.13 

-.90 

-.08 

0.0 

“ 8 . 

0.0  ■ 

-.087 

-.46 

« 0 '> 

-1.C5 

-.80  . 

-.10 

0.0  1 

- A 

-.0945 

-.33 

-.623 

-.93 

-.67 

-.09 

0.0  j 

0 

0.0. 

-.072* 

-.154 

- . 560  1 

1 -.  7 25  1 

-.57 

' -.07 

0.0  1 
( 

4 

0.0 

- -.0314 

-.095 

-.392 

-.•55 

-.45 

-.03 

O.O.-  1 

8 

0.0 

-.07  5 

-.127; 

-.290 

-.44 

-.34 

-.07  ■ 

0.0  i 

1-2 

-.06 

-.10 

-.250 

- . JO 

--.27 

. -.06 

0.0  _ ! 

16 

M 

.-.04 

-.045 

-.160 

-.20 

-.15 

-.04 

0.0  ! 

• • 
20 

0.0 

o‘.o 

0.0 

o.'o 

0.0 

0.0 

0.0  • 

.0.0 

ISO  . 

0.0 

0.0 

0.0 

o'.o 

0.0 

0.0 

o;o 

0.0 

% = 90» 


Vp,  KTS 

0 

20 

40 

60  ' 1 SO 

■ 100 

120  ■ 

^ 140 

, DEG 

• 

. 

• 

• 

-180 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

- 30 

0.0 

0.0  . 

0.0 

0.0 

0.0 

0.0  • 

o.o' 

0.0 

- 28 

0.0 

-.05 

-.10 

-.15 

-.25 

-.*22 

-.05 

0.0 

{ 

- 24 

0.0 

-.10 

-.25 

-.40 

-.55 

-.50 

-.10 

c.o 

- 20 

0.0 

-.15 

r.40  . 

-.65 

-.90  ■ 

-.75 

-.15 

0.0 

- 16 

0.0 

-.20 

-.50 

-.73 

-1.05 

-.90  ’ 

' -.20 

0.0 

- 12 

0.0 

-.'20 

-.60 

-.35 

-1.03 

-.95 

-.20 

- 8 

0.0 

-.16 

-.55 

-.30 

-1.04 

-.92 

-.16 

0.0 

- 4 

0.0 

-.10 

-.45 

-.75 

-.92 

-.85 

-.10 

0.0  1 

0 

0.0 

- 0° 

■-.30 

-.61 

-.75 

-.65 

-.09 

1 

0.0  j 

±N  = 75‘» 

TABLE  F.  6 ROTOR  ON  HORIZONTAL  TAIL  INTERFERENCE  = V.  /v . 
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TABLE  F.  9 TAIL  EFFICIENCY  FACTOR  - 
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APPENDIX 
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APPENDIX  G - ROTOR  LOADS  AND  CONTROLS  PARAMETRIC  STUDY 
INTRODUCTION 

The  key  to  a successful  tilt  rotor  vehicle  is  in  the  design 
compromises  in  the  control  system  which  provides  trimmed  sus- 
tained flight  conditions  with  low  blade  fatigue  loads  and 
acceptable  control  variations  and  vehicle  response  character- 
istics. At  a given  nacelle  incidence,  a tradeoff  can  be 
made  betv;een  elevator  and  rotor  cyclic  control  to  trim  the 
aircraft.  Ideally  the  cyclic  control  used  should  be  that  value 
which  minimizes  blade  bending  loads  and  the  rest  of  the  air- 
plane trimmed  on  the  elevator.  Obviously  as  airspeed  decreases 
elevator  effectiveness  diminishes  with  dynamic  pressure  requir- 
ing non-optimum  rotor  inputs  to  be  made  in  order  to  trim.  In 
addition,  the  desirability  of  using  a simple  control  system 
with  no  primary  controls  driven  by  flight  parameters  (e.g., 
q'  sensed)  further  complicates  the  ideal  situation.  The  con- 
trol system  studies  contained  in  this  appendix  are  a pre- 
liminary try  at  a good  compromise. 

Loads  Mode 1 : 

In  order  to  perform  control  system  parametric  variations  and 
assess  their  impact  on  the  blade  fatigue  loads,  a fast  (on- 
line) method  of  evaluating  blade  bending  loads  is  necessary. 

The  more  rigorous  analyses  and  manual  interpretation  of  test 
data  for  the  many  combinations  of  velocity,  angle  of  attack, 
cyclic  pitch,  collective  pitch  and  RPM  are  much  to  cumbersome 
to  be  used  in  this  type  of  application.  This  problem  was  sur- 
mounted by  using  a simple  empirical  equation  to  define  the 
loads 


Alternating  bending  moment  at  12.5%  R (ABM) 


= 2000  + 8753. 6y  + 24C29y  (ara.d) 


+ 3.35066(1  + 


y Cpji 


.000 


5>  ('■m' 


2,1/2 


This  equation  was  derived  under  IR&D  funding  during  analysis 
of  the  test  data  of  Reference  4 in  1976  and  was  used  in  this 
contractual  work  to  provide  a quick  estimate  of  blade  loads . 
Correlation  of  this  equation  with  the  full  scale  data  of 
Reference  4 is  shown  in  Figure  G-1  and  the  symbol  key  is  pro- 
vided as  Table  G-1. 


The  equation  provides  a reasonable  estimate  of  loads  for  most 
of  the  cases  shown,  however,  in  some  transition  cases  corre- 
lation becomes  erratic  though  in  general  in  these  cases  the 
calculation  is  conservative  as  indicated  by  irj  = 85,  y = .111 
data.  This  procedure  needs  further  refinement  and  should  be 
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*NOTES:  1.  TEST  DATE  INTERPOLATED  OR  EXTRAPOLATED 

FROM  MEASURED  POINTS  IN  SOME  CASES 

2.  SYMBOL  KEY  - SEE  TABLE 

3.  SOURCE  REFERENCE:  4 
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ALTERNATING  BLADE  BENDING  LOADS  (MATH  MODEL) 
FIGURE  G.l,  BLADE  BENDING  MOMENT  DATA  CORRELATION 
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TABLE  G.l.  SYMBOL  KEY  FOR  FIGURE  0-1. 
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expanded  to  include  the  newly  acquired  data  from  IIASA  Con- 
tract IIAS2-9015  as  well  as  the  rest  of  the  available  data  in 
Reference  4 . 

Che  basic  premise  of  the  equation  is  that  1/rev  alternating 
bending  loads  primarily  produce  out-of-plane  hub  moments  or 
at  least  the  in-plane  loads  will  remain  roughly  proportional 
to  the  out-of-plane  loads.  This  is,  of  course,  an  approxi- 
mation because  the  variations  of  the  per  rev  frequencies  of 
the  first  two  blade  bending  modes  with  collective  and  RPIl  will 
change  the  relative  magnitudes  of  the  out-of -plane  and  in- 
plane blade  deflections. 

No  blade  loads  data  were  measured  at  12.5%  radius  in  the  tests 
of  Reference  4,  however,  measured  radial  distributions  of 
bending  moments  were  used  to  provide  the  data  points  shown  in 
Figure  G-1. 

Though  the  method  is  approximate  (i.e.,  +20%  for  most  cases) 
it  provides  a means  of  evaluating  the  blade  fatigue  loads  with 
little  or  no  effect  on  the  simulation  time  frame. 

Parametric  Studies 


As  described  in  Section  12.0  of  this  report  the  control 
system  design  commenced  with  setting  the  hover  control  phasing 
and  gains  to  give  adequate  control  in  hover.  The  cyclic  pitch 
gains  were  then  washed  out  according  to  a sine  law  of  nacelle 
incidence . 

Azimuthal  Location: 

An  initial  trade  study  was  made  varying  the  azimuthal  location 
at  which  the  cyclic  control  inputs  were  made  for  various  levels 
of  elevator.  Figure  G-2  shows  the  estimated  rotor  loads  for 
various  azimuthal  locations  with  the  elevator  fixed  at  10°. 

The  definition  of  0^  in  Figure  G-2  is  the  azimuthal  location 

at  which  the  resultant  cyclic  vector  acts,  and  is  depicted  in 
Figure  G-3.  The  data  in  Figure  G-2  are  for  i>j  = 90°  and 

clearly  show  a blade  loads  minimum  between  0p  = 25  to  30°. 

The  minimvun  loads  occur  at  higher  0p  at  low  speed,  but  this 
is  of  little  significance  since  the  load  levels  are  loiv  anyv/ay. 

Figures  G— 4 and  G— 5 show  similar  data  with  elevator  settings 
varied.  The  level  of  the  resultant  loads  changes,  but  the 
azimuthal  angle  at  which  minimum  loads  are  achieved  remains 
essentially  the  same.  Since  0^  = 30°  was  close  to  optimum 

hover  and  near  optimum  for  a loads  reduction  standpoint  at 
high  ij^  and  velocity  it  was  decided  to  use  a constant  value 

of  0Q  = 30°  for  the  remainder  of  the  studies. 
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X 103 


FIGURE  G.  5.  ALTERI^ATING  BLADE  LOADS  % = 70°  AT  80 
AND  100  KTS  FOR  VARIOUS  VALUES  OF  0 


cyclic  pitch  inputs  wgit6  dsfin©d  by  the  hovsr  gain 
stick  at  0p  = 30°  and  washed  out  as  nacelle  incidence 
decreased  by  sin  ij^.  This  of  course  implies  no  cyclic  pitch 
in  cruise. 

The  next  step  was  to  determine  the  cruise  cyclic  requirements. 
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The  primary  area  of  concern  in  cruise  flight  arises  at  low 
airspeeds  where  the  angle  of  attack  to  trim  the  aircraft  in 
Ig  steady  flight  is  high.  The  rotor  loads,  with  no  cyclic 
pitch,  approach  the  blade  endurance  limit  leaving  little  room 
for  maneuver  within  the  blade  fatigue  allowable.  This  problem 
is  corrected  by  the  introduction  of  2.5°  cyclic  pitch  for  aft 
stick  positions  and  washing  this  out  as  the  stick  moves  for- 
ward. series  of  different  washout  schedules  were  tried 
with  varying  results  in  terms  of  blade  loads. 

Figure  G-6  shows  four  schedules  of  cyclic  as  functions  of 
longitudinal  stick.  The  alternating  blade  loads  calculated 
by  the  simulation  loads  model  are  shown  for  the  "no  cyclic" 
case  in  Figure  G-7  and  indicate  alternating  bending  moments  at 
the  blade  12.5%  radial  station  of  about  36,000  in. -lbs  at  140 
KTS.  This  load  level  is  expected  to  be  the  infinite  life 
level  for  the  blade  fiberglass  spar  (10°  cyclies,  M-3a) . The 
design  procedure  adopted  aimed  at  minimizing  the  bending  loads 
such  that, at  all  sustained  flight  conditions  the  loads  remain 
less  than  or  equal  to  the  infinite  life  value. 

The  alternating  loads  corresponding  to  schedules  1 , 2 and  3 
are  also  shown  for  the  aft  eg  case  at  sea  level  standard  day 
conditions.  Schedule  1 produced  a drastic  reduction  in  loads 
at  the  low  speed  end  of  the  spectrum,  but  caused  an  increase 
at  high  speeds.  This  was  due  to  the  washout  being  to  far  for- 
ward resulting  in  cyclic  being  used  at  high  speed  and  agravating 
the  loads.  Schedule  2 is  the  same  as  Schedule  1,  but  pulled 
b*ack  so  that  it  washes  out  0,2"  earlier.  The  trims  resulting 
from  this  provided  loads  less  than  53%  of  the  fatigue  allow- 
able at  all  speeds . Schedule  3 provides  a straight  line  wash- 
out and  results  in  the  loads  increasing  in  the  180  knot  to 
20C  knot  range. 

Schedule  4 was  finally  selected  and  the  alternating  blade 
loads  for  both  forward  and  aft  eg  are  shown  in  Figure  G-8. 

The  aft  eg  case  gives  Ig  loads  less  than  46%  of  the  infinite 
life  allowable  with  the  aft  eg  case.  For  the  forward  eg  case 
the  loads  increase  at  high  speed  due  to  too  much  cyclic  pitch 
at  these  conditions.  Even  so  the  Ig  loads  are  within  the 
allowable  and  the  cyclic  will  cause  the  loads  to  decrease  when 
maneuvers  are  pulled  in  coordinated  turns. 

At  the  low  speed  end  of  the  cruise  flight  regime,  it  must  be 
possible  for  the  pilot  to  select  any  flap  setting  without 
causing  unacceptable  loads  on  the  rotor.  The  alternating 
loads  for  both  forward  and  aft  eg  with  flaps  at  80  and  40 
are  shown  in  Figure  G-9.  These  data  show  acceptable  loads 
from  stall  speed  up  to  200  knots.  The  flap  q limit  is  at 
170  knots. 
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The  rotor  loads  were  also  obtained  in  coordinated  turns  at 
sea  level  with  no  flaps.  As  expected,  the  low  speed  cases 
were  the  most  critical.  However,  with  the  scheduled  cyclic 
on  the  stick  a bank  angle  of  58°  is  possible  at  140  KTS  with 
a forward  eg.  This  represents  a sustained  load  factor  of 
1.89g's  with  no  fatigue  damage  to  the  blades. 

At  180  KTS  the  load  factor  at  which  fatigue  allowable  loads 
were  achieved  was  2.3g's  (64°  beink)  and  at  220  KTS  and  higher 
the  loads  limit  was  in  excess  of  3g's,  and  the  aircraft  sus- 
tained flight  envelope  is  limited  by  the  power  train  torque 
limit . 

The  cruise  cyclic  is  obviously  not  required  or  useful  when 
ijj  = 90°  and  must  be  washed  out  as  i^j  increases.  Initially 
a cosine  i^j  law  was  used  such  that  the  cruise  cyclic 

where  f(6g)  is  the  Schedule  4 shown  in  Figure  G-6.  It  should 

be  pointed  out  that  this  cyclic  is  independant  of  SAS  inputs 
and  is  totally  separate  from  the  cyclic  pitch  resulting  from 
the  stick  travel  times  the  cyclic  gain. 

The  estimated  rotor  loads  were  investigated  back  into  transi- 
tion using  the  hover  cyclic  control  washed  out  as  sin  ijj  and 

the  cruise  cyclic  washed  in  as  cos  These  cases  are 

labelled  (Bias  =0)  in  Figures  G-10  through  G-15  and  shows 
that  the  loads  are  reasonable  with  respect  to  the  sustained 
flight  allowable  (406A  Nm,  36000  in. -lbs)  except  near  the 
middle  of  the  ij^  range  (see  iy  = 45°,  Figure  G-11)  . 

A study  was  performed  to  determine  the  effect  of  a stick  bias 
on  the  cyclic  input.  This  bias  is  only  applied  to  the  cyclic 
gain  and  is  defined  by 

cyclic  = G (<5g  - Bias)  sin  ijj° 


Figures  G-10  through  G-15  show  estimated  blade  loads  in  tran- 
sition for  forward  and  aft  eg  cases  with  varying  amounts  of 
bias.  The  effect  of  cyclic  stick  bias  was  to  reduce  the 
rotor  loads  and  widen  the  fatigue  envelope  at  all  conditions. 
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Clearly  zero  bias  is  necessary  in  hover  (i^j  = 90®)  since  any 

other  value  would  produce  assymetry  in  available  control  power 
whereas  any  value  of  bias  is  acceptable  in  cruise  (i^j  = 0°) 

since  the  gain  multiplier  is  reduced  to  zero  at  this  condition. 

At  % = 85°  the  forward  eg  case  is  the  most  critical  and  a 
bias  of  at  least  -i'  is  desirable  to  maintain  alternating 
bending  loads  less  than  4064  Ilm  (36000  in. —lbs)  . At  i^j  = 75° 

a value  of  -2*' is  required  for  acceptable  loads.  At  60°  a bias 
of  -2"  is  needed.  At  40°  a bias  of  -2"  provides  adequate 
loads  and  -3"  provides  about  the  same  loads  picture.  At  30° 
and  15"  iy  a bias  of  -2"  is  acceptable  and  -4"  pushes  the  loads 
boundary  to  a little  higher  speed. 

These  findings  are  summarized  in  Figure  G-16  and  Schedule  K used 
in  the  control  system  is  shown  superimposed. 

The  preceeding  study  was  performed  with  an  elevator  offset 
of  5°  held  between  % = 90°  and  ij]  = 45°  and  then  reduced 

linearly  to  zero  as  % — * 0°.  The  cruise  cyclic  was  also 
washed  out  as  a cosine  law  during  this  work. 

During  final  assessment  of  the  transition  trims  these  two 
schedules  were  modified  in  an  attempt  to  smooth  the  control 
travel  variations  and  resulted  in  an  elevator  offset  defined 
by  Schedule  H and  the  cruise  cyclic  washout  changed  to  a 
(1  - ij^/90°)  function  instead  of  a cosine  law.  The  parametrics 

were  not  rerun,  however,  the  final  loads  were  computed  and 
found  to  be  acceptable.  The  loads  with  this  system  are  in- 
cluded with  the  simulation  results  in  Section  11  of  this 
report . 

The  system  will  provide  a reasoneibly  wide  transition  corridor 
with  room  to  maneuver  within  it  in  most  cases.  This  first 
examination  of  the  problem  for  the  hingeless  rotor  ]iV-15  is 
not,  however,  necessarily  the  optimal  answer  or  necessarily 
the  simplest  useable  system. 

This  work  needs  to  be  continued  with  the  updated  rotor  force 
and  moment  and  loads  model  and  should  examine  the  effects  of 
azimuthal  input  variation  at  low  values  of  i]^j  and  the  practi- 
cality of  separating  trim  and  control  cyclic  inputs  to  provide 
minimum  loads  at  trim  and  maximum  available  control  power. 

The  cyclic  schedule  used  to  provide  load  alleviation  in  cruise 
brings  with  it  some  attendant  difficulties  from  a handling 
qualities  point  of  view  since  the  introduction  of  a cyclic 
pitch  step  in  the  longitudinal  stick  travel  produces  a dis- 
continuity in  the  control  power  available,  discussed 

in  Section  12  and  currently  handled  by  rate  limiting  the 
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cruise  cyclic  input.  Another  way  of  achieving  good  handling 
qualities  is  to  tailor  the  elevator  schedule  in  cruise  to 
match  the  moment- producing  capability  of  the  cruise  cyclic. 
This  provides  a further  avenue  of  exploration  which  should  be 
examined  as  the  development  of  the  control  system  continues . 
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APPENDIX  H - IN-HOUSE  REAL  TIME  DIGITAL  SIMULATION 
Siniulation  Facilities 

Th©  ma'th  inodsX  dssciribsd.  in  this  rsport  was  inschanized  as  a 
real-time  digital  simulation  using  a subset  of  the  total  re- 
sources that  form  the  digital  computer  facility  called  the 
STAR  system  (Simulation  and  Test  Analysis  in  R^eal  Time)  . The 
STAR  system  supports  either  real  time  flight  test  or  real 
time  simulation  while  concurrently  providing  batch  and  Termi- 
nal Job  Entry  (TJE)  operation. 

The  STAR  Lab  resources  required  to  provide  real  time  simulation 
are; 


Xerox  Sigma  9 computer 
160K  words  core 
CP-R  Operating  System 
2 - 800  bpi  tapes 
2 - 1600  bpi 
86  - megabyte  disks 
1 - line  printer 
1 - card  reader 

1 - BC-lOO  scope  device/software 
1 - console  typewriter 

6-8  channel  brush  strip  chart  recorders 

1 - DMS-12  direct  memory  system  for  D/A  and  A/D  operation 

128  channels  digital  to  analog  (D/A)  converters 

60  channels  analog  to  digital  (A/D)  converters 

In  addition  to  the  hardware,  the  software  used  to  provide  real 
time  simulation  consists  of  the  following  elements: 

Xerox  CP-R  operation  system  and  utilities 

Xerox  BC-lOO  slope  software 

Xerox  assembly  language 
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Xerox  Extended  Fortran  IV 

An  in-house  software  package  for  control  system 
xmplementation  called  VECEX  (VECtor  Execution) 

special  simulation  oriented  programs 
Simulation  Architecture 


The  real  time  digital  simulation  used  to  provide  data  for 
report  was  generated  by  extensively  modifying  an  existing 
rotor  digital  simulation.  ^ 


this 

tilt 


The  real  time  simulation  model  provides  capability 
the  tilt  rotor  aircraft  in  three  simulation  modes: 


to  analyze 


1.  Basic  aircraft  - non-piloted 

2.  Basic  aircraft  - piloted 

3.  Basic  aircraft  with  rotor  perturbation  dynamic 
niodel  * non-piloted 


The  non-piloted  simulation  is  used  to  take  static  trim  and 
stability  derivative  data,  via  the  line  printer  and  dynamic 

ThI  recorders. 

separated  into  two  groups,  those  equations 
(fast)  that  require  a small  time  increment,  and  those  equa- 
tions (slow)  that  can  be  calculated  at  a slower  rate.  An 

used  to  schedule  the  execution  of  the  math 
model  such  that  the  fast  equations  are  executed  every  time 
the  timer  requests,  but  only  half  the  slow  equations  are 
executed.  The  fast  equations  are  updated  every  45  ms.  and 
the  slow  equations  every  90  ms. 


The  piloted  simulation  is  used  to  evaluate  the  flying  quali- 

provide  this,  the  normal  simulation 
IS  interfaced  with  the  nudge-base  simulator  lab  through  a 
runking  station,  in  addition  to  the  normal  model,  additional 
signals  must  be  input  on  digital  to  analog  convertors  (DAC’s) 

Srs  to  digital  convert- 

ors  (MC  s).  Due  to  the  increase  in  processing  of  the  addi- 
tional inputs  and  outputs,  the  piloted  simulation  cycle  time 
IS  55  ms.  using  the  same  fast/slow  approach.  Strip  chart 
printout  and  pilot  comment  is  the  primary  form  of  output. 

Subroutine  Outline 


The  content  of  the  main  program  subroutines 
below. 


is  described 
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Subroutine  RTFAST 

o Simulator  tie-in  analog  to  digital  signal  processing 

o Stick  input  section  controlled  via  secondary  task 

o Execute  fast  portion  of  math  model  via  calls  to  routines 
for 


Equations  of  Motion 
Control  System 
Velocity  Equations 
Rotor  Equations 
Wing  Equations 
Tail  Equations 


Subroutine  EOM 
Entry  VELOC 
Subroutine  VELOC 
Entry  Rotor 
Subroutine  Wing 
Entry  Tail 


Execute  slow  portion  of  math  model  via  calls  to 


Slow  Equations  Part  1 - Entry  RTSLOWl) 
Slow  Equations  Part  2 — Entry  RTSL0W2) 


) in  Sub.  RTSLOW 


Execute  final  portion  of  simulation  via  call  to  Subroutine 
Final 

Execute  digital  to  analog  real  outputs  via  Subroutine 
SIMDAC 


o Discrete  output  processing  section 
o Function  keyboard  lights 


Subroutine  EOM 

o Basic  Equations  of  Motion 
o Trim  Loops 
o Trim  Check  Section 
o EOM  Integrations 

o Simulator  Tie-in  Section  for  correction  of  Visual/Motion 
System 
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Subroutine  EOM  (continued) 

o Gust  Model  Section 

Test  Section  for  W Gust  Forcing  Functions 
o Final  Summation  of  A/C  Velocities/Rates 
o Fuselage  Angles  and  Total  Velocity 

Entry  VEXSUB 

o Real  Inputs  to  VECEX  Defined 
o Logical  Inputs  to  VECEX  Defined 

o Execute  Control  System  Portion  via  call  to  VECEX 
o Mechanical  Controls 
o SCAS 

o Thrust  Management  System 
o Real  Outputs  from  VECEX  Defined 
o Stall  Flasher  for  Function  Keyboard 
o Logical  Outputs  from  VECEX  Defined 


Subroutine  VELOC 

o Velocity  and  acceleration  of  lefx.  and  right  nacelle 
dence  angles  with  rate  limit 

o CG  velocity  and  acceleration  w.r.t.  pivot 

® station  accelerations  ~ body  axes 

o Fuselage  pivot  velocities/rates 

For  normal  A/C  treatment 

For  rotor  dynamic  model 

o Pilot  station  velocities 
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Subroutine  VELOC  (continued) 

o Rotor  velocity  calculations  - left  and  right  rotor 
Hub  body  axes 
Hub  shaft  axes 
Free  stream 

o Left  and  right  wing  velocity  calculations 
Body  axes 
Chord  axes 
Free  stream 


Entry  ROTOR 
Left  and  Right 

o Rotor  angle  of  attack  and  sideslip  calculations  - 

bypassed  when  rotor  dynamic  option  chosen  and  simulation 

in  fly 

o Rotor  angular  rate  transforms 
Nacelle  axes 
Wind  axes 

Rotor  speed,  tip  speed,  advance  ratio 
j^otor  control  coordinate  axis  transform 

Rotor  equations  for  power,  thrust,  normal  force,  side 
force,  pitching  moment,  yawing  moment  coefficients, 
forces  and  moments  from  the  coefficients;  bypassed  when 
rotor  dynamic  option  chosen  and  simulation  in  fly. 

o Execute  rotor  dynamic  perturbation  model  if  selected 

o Rotor  force  and  moment  resolution  to  body  axes 


o 

o 

o 


Subroutine  WING 

o Aero  equations  for  left  and  right  wing 
Angle  of  attack  and  sideslip 
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Subroutine  WING  (continued) 

Contribution  due  to  totally  downwashed  wing 
Contributions  due  to  totally  unwashed  wing 
Total  CL,  CD,  CM  coefficients 

forces  calculations  in  body  axes 
Aero  moment  calculations  in  body  axes 
Wing/rotor  interference  section 

Entry  TAIL 
o Horizontal  tail 

Horizontal  tail  downwash  equations 
Rotor-on-horizontal  tail  interference  effects 
Horizontal  tail  velocities 
Angle  of  attack 
CL,  CD  calc. 

Dynamic  pressure 

Horizontal  tail  efficiency  function 
Forces  and  moments  in  body  axes 
o Vertical  tail 

Velocity  calcs,  dynamic  pressure 

Angle  of  attack  and  sideslip 

Rotor  sidewash  effect 

CY,  CD  calculation 

Force  and  moment  resolution 
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Subroutine  RTSLOW 
Entry  RTSLOWl 

o Nacelle  Velocity  - Resultant 
o CG  Location  w.r.t.  pivot 
o Air  Density  Model 

o Engine  Model  (minus  thrust  management  system)  provision 
for  failures 

o Wing  Stall  Calculation 
o Fuselage  Aerodynamics 

Wind  axes  coefficients 
Body  Axes  Forces  and  Moments 

o Ground  effect  section  for  wing,  tail,  rotor-if  selected 

o Nacelle  Aerodynamics 

Angle  of  attack  and  sideslip 
Wind  axes  coefficients 
Body  axes  forces  and  moments 
o Unstable  rolling  moment  induced  by  ground  effect 

Entry  RTSL0W2 

o Wing  Aerodynamic  Section  for  Submersed  Surface  Area  Calcs 
o Variable  Inertia  Calculations 
o Steady  Wind  Model 
o Wind  Ramp  Model 

o Integration  Logic  Control  Calculation 
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Subroutine  FINAL 

o Landing  gear  executed  via  subroutine  gear,  if  selected 
o Final  summation  of  A/C  forces  and  moments 
o Wing  vertical  bending  eguations 
o Wing  twist  equations 
o Stability  derivative  section 

Entry  SIMDAC 

o DACS  for  6 brush  recorders 
o DACS  for  simulator  tie-in 
o DACS  for  rotor  dynamic  option,  plus 
RMS  calculations 
Phase  angle  calculation 
Rotor  blade  modes 

Program  Listing 

A listing  of  the  program  is  available  on  request. 
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